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SYNOPSIS 


Magnetic alloys with competing exchange interactions exhibit long-range order (ferro- 
or antiferromagnetic) as well as spin-glass like ordering depending upon the concentration 
(C) of the magnetic component(s) present. Above a certain critical concentration (Co) these 
alloys show double transitions [paramagnetie(PM) -4 ferromagnetic (FM) -4 reentrant spin 
glass(RSG) (where FM and spin glass(SG) orderings coexist)] with the lowering of temper- 
ature. Many interesting but often contradictory results are reported on these alloy systems 
(AuFe. CrFe. PdFeMn, FeNiMn, PtMn, NiMn, Co 2 Ti0 4 , Eui-iSr^S, FeNi, FeMn, etc.). 
Fe 8 o-x- s 'ixCr 2 o alloys are one such system which shows diverse magnetic phases within the 
same crystallographic phase. These alloys exhibit a compositional phase transition from a 
long-range antiferromagnetic(AF) phase (X=14) to a long-range FM one (X=30), passing 
through intermediate phases of SG (X=19) and RSG (X=23, 26) with increasing Ni concen- 
tration. The presence of the strong competing ferro- [I(Ni-Ni), I(Fe-Ni), I(Ni-Cr), I(Fe-Cr)] 
and antiferromagnetic[I(Fe-Fe), I(Cr-Cr)] exchange interactions is responsible for such exotic 
phases. An enormous amount of theoretical and experimental effort has gone into under- 
standing the various properties of these magnetic alloys. However, none of them contain 
comparative studies of these alloys in different magnetic phases, especially in the SG and the 
RSG phases. Taking advantage of the diverse magnetic properties of these alloys within the 
same fee 7 -phase the present work is intended to fill this void. In spite of the huge amount of 
work, several important questions still remain unanswered. Is there any difference between 
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an SG and an RSG at the lowest temperature? Does FM order exist in the RSG phase down 
to the lowest, temperature? Is the transition near Tc similar to the FM to PM transition? 
All these motivated us to systematically study the properties of these alloys. To arrive at 
some meaningful conclusions, we have looked into these problems from four different angles: 

1. Relaxation of magnetization, 

2. Low-field magnetoresistance, 

3. Linear and non-linear ac susceptibilities, and 

4. Hall effect. 

Chapter 1 begins with a brief historical review of magnetism followed by various the- 
oretical models which we will be needing to explain our experimental data. We have also 
included a review of the present understanding of this field related to our work. 

In Chapter 2 we have given the experimental procedures in details. We have presented 
the phase diagram of the Fe 80 _xNixCr 2 o (10 < X < 30) alloys along with the sample prepa- 
ration and characterization. We have also described the various experimental techniques and 
design of cryostats. 

In Chapter 3 we present the time decay of the thermo-remanent magnetization (TRM) 
of the Feso-xXixCr 2 o (14 < X < 30) alloys for four different magnetic phases within the 
fee -.-phase. The TRM is measured as a function of time(30 to 12,000 s) using a SQUID 
magnetometer: Quantum Design, MPMS) for various wait times and temperatures above 
and below the characteristic temperatures. We find distinct differences between the SG 
and the RSG phases with two different analytical forms for the time decay of the TRM. 
In the SG(X=19) very distinct ageing effects are observed where M(t) can be described as 
M(t) = Mo(t/t u .)-~ ! exp[-(f/r) 1- "] for the entire time domain. In the RSG(X= 23 and 26), 
M(t) can be better represented by the stretched exponential with an addition of a constant 
term which can be explained well by the Gabay-Toulouse(GT) model. We also report the 
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remarkable observation of the local maximum of the TRM just above Tc in the RSG (X=23) 
when it passes to the PM phase from the FM phase. This is found for the first time in any 
polycrystalline RSG. We have tried to give an intuitive explanation for this though it’s 
exact theoretical justification is unclear. We also observe that the values of the exponents 
show anomaly near the phase transitions. We observe some different features in the samples 
X=23 and X=26, although they undergo similar kinds of phase transitions. We find the 
conventional power la-w decay in the FM phase. The value of the magnetization is found to 
increase with the Ni concentration. In the AF phase the power law decay is indistinguishable 
from the stretched exponential as a description of the TRM. 

In Chapter 4 we present the low-field(< 30 gauss) magnetoresistance (LFMR) of the 
SG. FM and the RSG phases. We have used pulsed magnetic field in the presence of various 
static biasing fields for LFMR measurements. We observe that the LFMR is negative in the 
SG(X=19) and the PM phases and positive in the FM (X=30) phase. In the RSG (X=26), 
at the lowest temperature (4.5 K), the intrinsic LFMR is positive for zero biasing field, 
but the presence of a 18.2 gauss static biasing field makes the LFMR negative, a feature 
generally associated with the SG state. This suggests that the lowest temperature phase 
of the RSG has mixed FM and SG-type of orderings. We believe that small FM clusters 
are embedded in a matrix of frustrated spins of the SG. We observe hysteresis effects in the 
LFMR for small applied fields at the lowest temperature for the RSG sample. But such 
small fields do not produce any hysteresis effect in the FM phase(X=30). We find that 
the LFMR becomes negative around Tc for a +4 gauss pulsed field in the RSG. From the 
LFMR measurements, we conclude that when the RSG sample(X=26) goes from the PM 
to the FM phase with lowering of temperature, it passes through an intermediate phase. 
Here the PM(SG) phase coexists with the FM phase for a very narrow temperature interval. 
So with the reduction of temperature, the RSG sample passes through various magnetic 
phases like, PM -> ( PM{SG ) + FM) -¥ FM -> RSG{= FM + SG). We also find a close 
resemblance between the temperature variation of the LFMR and the ac susceptibility in 
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the RSG(X=26). 

In Chapter 5 we present the low-field ac susceptibility and its dc field dependence in 
the four different magnetic phases of Fego-xNixC^o alloys. In the SG phase(X=19) the 
transition temperature (T 9 ) varies with frequency (V) and follows Fulcher’s law of the form 
v = uq exp[— while the non-linear susceptibility^) shows a peak at T g . In the RSG 

(X=26 and 23), double transitions are clearly seen from the imaginary part of the linear 
susceptibility (xo)- The peak near the upper transition vanishes in the presence of a small 
dc biasing field. We compare the lower transition of the RSG with that of an SG and the 
upper one with that of a ferromagnet(FM). Critical exponents, 7,/?, and 8 are obtained from 
Xo and its dc field dependence in the RSG(X=26). They follow the scaling law obtained 
from the mean-field theory(MFT) although the values of the exponents are not in agreement 
with it. The non-linear susceptibility (xi) shows a peak near T g in both the RSG’s which 
is indicative of a long-range order. This is never observed in a pure SG, including X=19. 
The value of the critical exponent 7 increases with the increase in Ni concentration (X=23 
to 30) as the system moves towards the FM phase(X=30). In the antiferromagnet(X=14), 
the transition temperature (Tjv) shifts towards higher temperatures in the presence of small 
dc fields. 

The Hall effect for the four different magnetic phases of these alloys is reported in 
Chapter 6. In the SG (X=19) the Hall resistivity (p# ) increases with the field and does not 
saturate till 1.6 T. The temperature variation of py shows broad peaks around T g for lower 
fields (< 0.1 T) but they disappear at higher fields(l T). We separate the ordinary(OHC) and 
the extra-ordinary(EHC) Hall coefficients in the ferromagnetic sample(X=30) and show their 
temperature variations. In the RSG (X=26) pn shows a non-linear variation with field. The 
temperature variation of p H shows anomaly near both T g and T c . In the antiferromagnetic 
phase (X=14) p H increases linearly with field and its temperature variation shows broad 
peaks around T 'm for lower fields. 

Chapter 7 presents some of the conclusions of the present work. 
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Chapter 1 


Introduction 


Magnetic alloys with competing exchange interactions exhibit long-range order (ferro- 
or antiferromagnetic) as well as spin-glass like ordering depending upon the concentration 
(C) of the magnetic component(s) present. Above a certain critical concentration (Co) these 
alloys show double transitions [paramagnetic(PM) — > ferromagnetic (FM) — > reentrant spin 
glass(RSG) (where FM and spin-glass(SG) orderings coexist)] with the lowering of tempera- 
ture. Many interesting but often contradictory results are reported on these alloy systems 
(AuFe, CrFe, PdFeMn, FeNiMn, PtMn, NiMn, Co2Ti0 4 , Eui-xS^S, FeNi, FeMn, etc.). 
Fe8o-xNixCr 2 o alloys are one such system which shows diverse magnetic phases within the 
same crystallographic phase[ 1] . These alloys exhibit a compositional phase transition from 
a long-range antiferromagnetic(AF) phase (X=14) to a long-range FM one (X=30), passing 
through intermediate phases of SG (X=19) and RSG (X=23, 26) with increasing Ni con- 
centration. The presence of strong competing ferro- [I(Ni-Ni), I(Fe-Ni), I(Ni-Cr), I(Fe-Cr)] 
and antiferromagnetic[I(Fe-Fe), I(Cr-Cr)] exchange interactions is responsible for such exotic 
phases. An enormous amount of theoretical and experimental effort has gone into under- 
standing the various properties of these magnetic alloys. However, none of them contain 
comparative studies of these alloys in different magnetic phases, especially in the SG and the 
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RSG phases. Taking advantage of the diverse magnetic properties of these alloys within the 
same fee 'y-phase the present work is intended to fill this void. In spite of the huge amount of 
work, several import an t questions still remain unanswered. Is there any difference between 
an SG and an RSG at the lowest temperature? Does FM order exist in the RSG phase down 
i-o the lowest temperature? Is the transition near Tc similar to the FM to PM transition? 
All these motivated us to systematically study the properties of these alloys. To arrive at 
some meaningful conclusions, we have looked into these problems from four different angles: 

1. Relaxation of magnetization, 

2. Low-field magnetoresistance, 

3. Linear and non-linear ac susceptibilities, and 

4. Hall effect. 

1.1 Brief historic review 

Having stated the basic objectives of the thesis, we would like to begin with a brief intro- 
duction. Magnetism is one of the oldest fields known to us. It had started with the invention 
of ‘Lodestone’ (magnetite) and its wonderful property of attracting iron pieces whose refer- 
ence is found in Chinees literature of as early as 3000 B.C. The use of the magnetic compass is 
a pre-historic matter. Magnetism is an ever diverging field, with time it encompasses various 
kinds of magnetism starting from Loadstone to the most recent magnetic superconductors. 
The first theory of magnetism was proposed by Descartes in the beginning of 17th century. 
However, true understanding of magnetism came at the end of last century with the advent of 
Curie law(1895), Zeeman effect(1896), Langevin’s theory of dia- and para-magnetism(1905), 
etc. On one hand the development of quantum and statistical mechanics strengthened our 
understanding of magnetism, on the other hand the advancement in technology helped in 
inventing new magnetic materials. Three decades back a new magnetic system was found 
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which is known today as “spin glass”. Spin glass is a random, interacting, frustrated mag- 
netic system where no long-range order exists, yet it shows a cooperative freezing of spins, 
below a well-defined temperature (T g ), following a second order phase transition and marked 
with strong irreversibility and time dependent phenomena. SG-like behaviour was first ob- 
served in dilute magnetic alloys(AuFe, CuMn) in the late 1960s. It took several years to 
experimentally identify the possibility of a phase transition in SG’s through the observation 
of a sharp cusp in ac susceptibility measurements. In 1975, the first theoretical model came 
with a new order parameter to define the phase transition followed by several other models 
later. However, till today a complete understanding of SG’s and a good correspondence 
between theory and experiment are not established. A new form of statistical mechanics and 
radically new concepts are needed to go deeper into the SG problem. The basic concepts of 
a SG are now-a-days successfully used in various other physical systems like, combinatorial 
optimization, neural networks, and biological evolution. 

1.2 Theoretical models 

In this thesis we will be dealing with FM, AF, SG, and RSG. Theoretical developments 
of FM and AF, where long-range order exists, are well established and readily available in 
the literature. So, here we wall only briefly outline the various theoretical developments of 
SG and RSG which will be referred quite often throughout this thesis. 

1.2.1 Edwards and Anderson model 

In 1975, Edwards and Anderson(EA) proposed a model to describe the random freezing 
of a SG. In a SG, below the freezing temperature (T g ), each spin Si is frozen along a preferred 
direction whose orientation is random over the distribution of sites i. To describe any phase 
transition one needs an order parameter which shows anomaly near the phase transition. 
As there is no long-range order or any other spatial correlation, EA proposed a new kind of 
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which is close to the experimental observations. This model was extended by Fischer using 
quantum spins (S=l/2) instead of classical one (5 = oo) and a different technique. This 
explains the experimentally observed Xac better but it disagrees with the specific heat data. 


1.2.2 Sherrington-Kirkpatrick model(SK) 


In 1975, SK proposed an infinite-range mean-field theory(MFT) where every spin couples 
equally with every other spin. This means that the probability distribution P(ij ) is the same 
for all i-j pairs of spins independent of their spatial distribution which is an unphysical ansatz. 
The beauty of the MFT is that it is completely solvable and can explain experimental results 
to a large extent. 

SK considered an Ising SG with a Gaussian distribution 
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This means that the spins(#A r ) interact via a Gaussian distribution of exchange forces 
centered at Jo (mean value) with width A (variance). 
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This model predicted three possibilities for phase transitions depending on (i) PM 
— »• SG (ii) PM — > FM and (iii) PM — > FM -> SG. A similar phase diagram is experimentally 
observed in the ternary Pd\- y - x Fe y Mn x system. This model also explained the variation 
of Xac and its field dependence. However, there are some major drawbacks of this model 
like, (i) entropy becomes negative as T — ► 0 which is unphysical, (ii) the free energy is not 
minimized with respect to q for the solution q— 0, T > T g and q ^ 0, T < T g . The q = 0 
solution (i.e. PM state) below T g has a lower free energy than the SG state (9 ^ 0). The 
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reasons for these discrepancies may be because of the use of the “replica trick” and treating 
all the replicas as indistinguishable. 

To overcome these fundamental discrepancies Thouless, Anderson, and Palmer intro- 
duced a new approach. They argued that a spin < Si >t at site i produces a field < Si >r 
at site j and induces a moment Jy < Si >t Xjj (Xjj— ^ oca ^ susceptibility) at that site. This 
induced moment in turn produces a reaction field back at site i. They included this correction 
term in the original mean-field equation and found the solution. Though this approach re- 
moved the fundamental discrepancies but it was far from explaining the experimental results 
like, specific heat. 

In 1979 Parisi proposed a new scheme called replica symmetry breaking(RSB) to remove 
the defects of the SK solution. It gives a new Parisi order parameter, q(x), w’hich is continuous 
and can be written as 

1 rl 

-I = q(x)dx, (1.12) 

w?here q a p is the overlap function and n is the number of replica. According to RSB model 
the susceptibility(x) and the internal energy (U) can be given by 

X = l^T L^~ q ^ dX ’ ( L1 3) 

aniu = ~2^ri! ll ~ q2{x)]dx - (L14) 

X'(RSB) is constant for T = T g which is somewhat similar to the experimentally ob- 
served field-cooled susceptibility but not Xac- RSB when combined with the stable SK 
solution(above the instability line) gives an expression of M(T,H) from which it is found 
that the non-linear susceptibility, X m = 0 diverges according to the mean-field critical 
exponent 7 = 1 . This model also predicts the existence of multi- valley free energy landscape 
which supports the presence of different relaxation times in a SG. We will discuss this later 
in details while analysing our magnetic relaxation data. 
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1.2.3 Gabay and Toulouse model(GT) 


GT proposed an m-component vector spin model where the SG order parameter is a 
tensor in spin space. They consider an infinite range model of N classical vector spin Si , 
each of them has m components and follows normalization condition Sf^ = m. They 


interact via independent random interactions J^ distributed according to the following law 


P(Jij) = exp 



2 V v N) 


(1.15) 


where < Jij > b = j$ and < J?- >(,= jj and < .. > b means an average over the bond disorder 
and Jo is the mean interaction. The Hamiltonian of this system can be given by 

« = -*£««. (lie) 

ij M * 

where H is the external field applied along n = 1 direction and sum over ij means a sum- 
mation over the distinct pairs of sites. In the limit of J 0 — Y large and positive, 

interactions are mainly ferromagnetic and Jo = 0 interactions are random in sign and the 
orderings are SG like. The interesting region is near J 0 « 1 where FM and SG coexist. 

For N oo and J = 0 they performed expansion of free energy F in powers of H, q^, 
and Sfi up to the fourth order and predicted a H-T phase diagram {q^— EA order parameter 
and Sfj. =« S 2 > b >r —1 = quadrupolar deformation parameter). The line. in the H-T 
plane where the freezing of the transverse degree of freedom of spins occurs is called the 
GT line which varies as H 2 « 4(^±|)(1 — T) for T <1 and T « Ki(m)ex p [— for 
T ~ 0. This transition occurs because of the freezing of only the transverse component (w.r.t 
applied field) of the spin degree of freedom. Hence this cannot be observed in the Ising 
case where m=l. de Almeida and Thouless found a line in the H-T plane (AT line) where 
longitudinal spins freeze for m=l and the breaking of replica symmetry takes place. It varies 
as H 2 « ^(1 - T f for T < 1 and T w K 2 (m) exp [-£] for T ~ 0. 

But the most interesting region is the SG to FM transition where Jo # 0 but > 1. It 
predicts the possibility of the existence of various phases like, (i) PM -4 SG for Jo < 1, (ii) 
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where q a p is the overlap function and n is the number of replica. According to R.SB model 
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X = k^T fo ^ ~ q ( x ^ dx ' (1-13) 
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served field-cooled susceptibility but not x ac . RSB when combined with the stable SK 
solution(above the instability line) gives an expression of M(T,H) from which it is found 
that the non-linear susceptibility, Xni = fjp- diverges according to the mean-field critical 
exponent 7 = 1 . This model also predicts the existence of multi-valley free energy landscape 
which supports the presence of different relaxation times in a SG. We will discuss this later 
in details while analysing our magnetic relaxation data. 
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1.2.3 Gabay and Toulouse model(GT) 


GT proposed an m-component vector spin model where the SG order parameter is a 
tensor in spin space. They consider an infinite range model of N classical vector spin Si, 
each of them has m components and follows normalization condition Sf^ = m. They 
interact via independent random interactions Jij distributed according to the following law 


p(Jij) = v£ exp 
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interactions are mainly ferromagnetic and J 0 = 0 interactions are random in sign and the 
orderings are SG like. The interesting region is near J 0 ~l where FM and SG coexist. 


For N -4 oo and J = 0 they performed expansion of free energy F in powers of H, q^, 
and up to the fourth order and predicted a H-T phase diagram (<j^= EA order parameter 
and Sft =« >b>r — 1 = quadrupolar deformation parameter). The line. in the H-T 
plane where the freezing of the transverse degree of freedom of spins occurs is called the 
GT line which varies as H 2 ss 4(^±|)(1 — T) for T <1 and T « Ki(m)exp [— for 
T ~ 0. This transition occurs because of the freezing of only the transverse component (w.r.t 
applied field) of the spin degree of freedom. Hence this cannot be observed in the Ising 
case where m=l. de Almeida and Thouless found a line in the H-T plane (AT line) where 
longitudinal spins freeze for m=l and the breaking of replica symmetry takes place. It varies 
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PM 4 FM, (iii) PM 4 FM -4 M x [M x is a first mixed phase where FM and SG (frozen 
transverse components) phases coexist], and (iv) PM 4 FM 4 M\ —4 M 2 where M 2 has the 
spontaneous breaking of replica symmetry in addition to the coexistence. According to this 
model FM 4 M\ transition line in T — Jo plane can be defined as 

1 “ T ~ 2 (^+2) ( ‘ / ° “ 1)2 ’ (L1?) 

for Jo > 1 where m^l. The transition fro m M\ 4 M 2 varies as 

1 - T » - 1, (1.18) 

for J 0 > 1 . Finally the transition between M 2 and SG is given by Jo(T) = x _1 (Jo — 0). 
Experimentally the existence of M\ phase was found in AuFe by Coles et al. However, other 
investigators could not get any experimental evidence of the coexistence. The SK model also 
does not support the coexistence. The low-temperature magnetic phase where the FM and 
SG coexist is called the RSG phase. In this report we experimentally test the coexistence in 
FeNiCr alloys. 

1.2.4 Droplet model 

In 1986, Fisher and Huse had given a completely new phenomenological scaling theory 
of droplet excitations for a short-range Ising SG. The basic concept of this model is the 
formation of ‘droplet’ of length L in the ground state. All the spins inside the droplet are 
oriented downwards while the outside spins are oriented up. So there exists a global reversal 
of spins (or spin flips) inside the length scale L. This model predicts a phase transition below 
T g where the global spin-reversal symmetry is broken. In each state these droplets are the 
dominant low-lying excitations. The free energy of the droplet can be given by F L oc 7 {T)L e 
where 7 = stiffness constant and 6 = exponent. From the calculation of the distribution 
of droplet free energy p(F 1 ) and the correlations between them, the value of the Xni was 
predicted which diverges at T g for d > (1 + <p) 6 where <j> is an exponent governing the 
dependence of p on F L . 
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Annihilation and creation of droplet excitations determine the equilibrium low-frequency 
dynamics of the ordered phase. The characteristic time for a droplet to grow to a length 
L is given by r = To exp[L^ / k B T] where ^ is a new exponent 9 < xjj < d — 1. This model 
predicts a logarithmic decay of the autocorrelation function, c(t ) « (In t)~ 9 ^ . According to 
this model x'(^) ~ I hia>| -e/ ' 0 and x"(v) ^ I lno;|^ -1 and Xni (3cu) « | In o^| (1— which 
diverges for cu — t 0 if d > (1 + <f>)6. 

The effects of droplet fluctuation on dynamics are very interesting. When a system 
cools down below T g , it tries to reduce its free energy with time. The droplets, where the 
spins are pointed downwards, are embedded in the up-magnetized phase. Hence the free 
energy of the system depends on the length of the domain wall, i.e. the amount of interface 
between these oppositely oriented domains of spins. Formation of larger droplets reduces the 
interface and hence the free energy. The characteristic length of the domain grows with time 
as R ta ~ [ksT \n(t a /t 0 )/ A(T)Y^ where t a is the total age of the system after cooling below 
T g and t 0 is a microscopic unit of time. This growth of the domains is responsible for the 
long-time, non-equilibrium dynamics in a SG below T g . According to this model the decay 
of magnetization is given by M(t ) « [k B Tln t]~ x ^ where A is a new dynamical exponent. 

With this background of the general description of some magnetic systems, we now look 
into the specific observable quantities more closely. 


1.3 Relaxation of magnetization 

The search for magnetic relaxation began a century back when Ewing[2] observed the 
persistence of magnetization in soft iron for significant amount of time and a non-exponential 
decay. Richter [3] observed a logarithmic decay of magnetization over one decade of time 
in carbonised iron. Street and Woolley[4] and Neel[5] also predicted a' logarithmic decay 
of thermo-remanent magnetization (TRM) in FM’s. Several theoretical and experimental 
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evidences suggest that an anomalous slower relaxation of the form 

M{t) = M 0 exp [-(t/rf) , 0 < 0 < 1 


(1.19) 


is far more reasonable and common than the conventional Debye exponential form(/3 = i) 
In fact, this kind of relaxation has been observed for a wide range of phenomena and mate- 
rials^]. In 1970, Williams and Watts[7] postulated similar functions for dielectric relaxation 
(P = 0.5). In a review article Jonscher[8] summarized the experimental evidence on the 
frequency, time, and temperature dependence of the dielectric response for a wide range 
of solids. He also found a universality in dielectric behaviour and proposed a generalized 
approach of many-body interaction. The structural relaxation rate, in the case of liquid to 
glass transition, can be expressed as a stretched exponential (2/3 < fi < l)[9j. Also the 
validity of this functional form for the relaxation of TRM in SG’s has been reported by a 
large number of investigators[10-14]. Palmar et al.[15] presented, in an elegant fashion, the 
whole scenario of similar kinds of relaxation in complex, slowly relaxing, and strongly inter- 
acting materials. They considered series relaxation and hierarchically constrained dynamics 
which is distinctly different from other approaches[16] of getting similar results. Hammann 
et al. proposed a phenomenological picture of the dynamic properties of SG based on fractal 
cluster model[17, 18]. Early decay measurements of TRM of spin glasses had shown loga- 
rithmic dependence]]. 9]. Similar dependence was also observed in AliFo, AgMn, and ThGd 
s P1 n glasses from 5 to 10- s[20]. Analysing the neutron diffraction and ac susceptibility 
data, Muram[ 21 ] found power law decay for shorter time and logarithmic decay for longer 
tzme below T g in SG’s. Bontemps and Orbach[22] measured the TRM of the insulating SG 
Eu 0 . 4 Sr 0 . 6 S between 0.86T, and 1.04T,. They found power law decay of the TRM for shorter 
interval of time and a stretched exponential decay beyond a well-defined cross-over time. 

Recently two different theoretical models have been proposed to describe the SG be- 
aviorn. he first is the mean-field approach of Parisis’s solution[23] of infinite range 
Sherrington- Kirk P atrick ( SK) [24] mode, by consider*, fiierarchica, orations of infinite 
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number of quasi-equilibrium states separated by finite barriers in phase space[25]. The second 
is the phenomenological approach based on the existence of a distribution of droplets[26] or 
dynamical domains[27] of correlated spins. The droplet model defines a characteristic length 
for the groups of correlated spins which slowly increases with time when temperature is less 
than T g . However, any change in the temperature (AT) breaks the correlation above a cer- 
tain overlap length^r)- The presence of thermally activated droplets of various sizes causes 
a long time non-exponential relaxation. The basic difference between these two models is 
the nonsymmetric behaviour of the hierarchical picture with respect to temperature change 
of the mean-field model in comparison with the symmetric behaviour of the droplet model 
where the 

overlap length only depends on the absolute value of the temperature difference. Both 
these theories can explain reasonably well the slower SG dynamics and ageing effects. A 
detailed comparison between these two models was given by Lefioch et al.[28]. Huse and 
Fisher[26] proposed the long time decay as stretched exponential with exponent 1/2 by 
using droplet fluctuations in two dimensional pure Ising system with a spontaneously broken 
continuous symmetry. In the framework of droplet fluctuations[26], the spin autocorrelation 
can be described as exponentially rare in Inf : Cj(t) = exp[— fc(lnf) !/ ] (where y = 1 for 
random exchanges, y = d — 2/d— 1 for random fields) in random FM’s and power of Inf in 
SG’s. Ogielski[29] predicted that the spin autocorrelation function can be described by the 
product of a power law and a stretched exponential at all temperatures above T 9 [30] and by 
a power law below T s . 

Recently, Chu et al.[31] have proposed a model in the framework of the SK mean- 
field theory which can explain the experimental data reasonably well. According to them 
the energy phase space for an experimental sample with a finite number of spins consists 
of quasi-degenerate metastable states separated from each other by finite energy barriers. 
The distance between two metastable states a and /?, called Hamming distance d a p, is 
\{qEA — qa@), where qEA is the Edwards- Anderson order parameter and q a p = Dili SfSf 
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where A is the effective time and p is an exponent smaller than 1 . A different analysis, based 
on the SK mean-field model [34], suggests algebraic decay. In ferromagnets attempts have 
been made to explain the magnetic relaxation using a model based on magnon relaxation on 
a percolation distribution of finite domains[35]. The other popular prediction of relaxation is 
the power law[36] decay which can be obtained from scaling theories for domain growth[37] 
and internal dynamics[38]. Ikeda and Kikuta[39] found that there is no magnetic relax- 
ation over 10 h in the AF Mno. 45 Zno. 55 F 2 at slightly lower temperatures than the transition 
temperature. 

Despite considerable experimental work on relaxation dynamics covering enormous range 
of time window, no conclusive results have been found. Mo: over, there is a lack of clear 
distinction between the SG and the RSG phases. Also, no experimental data are available on 
relaxation dynamics in the AF phase. All these have motivated us to study systematically 
the relaxation dynamics in four different magnetic phases, namely, SG, RSG, FM and AF in 
FeNiCr alloys within the same crystallographic phase , for different wait times and at different 
temperatures for the largest available time window. 

1.4 Low-field magnetoresistance 

The application of a magnetic field usually affects the transport properties of a system. 
The magnetoresistance(MR) of a system depends upon the relative orientation of the electric 
and magnetic field vectors. It is regarded as one of the most powerful tools for probing into 
the electronic transport processes. The MR depends upon the magnetic state of the system, 
hence in magnetic alloys it can give greater insight to the understanding of the magnetic 
phases [40]. 

There are different mechanisms that cause the variation of MR with field and tempera- 
ture. When the magnetic field B is perpendicular to the current density J, the MR is known 
as the transverse magnetoresistance(TMR), the space charge trajectories are deviated from 
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the paths of least resistance by the Lorentz force proportional to Jx B. Since the new paths 

are no longer necessarily the paths of least resistance, the effective mean free path ( l ) and 

the scattering life-time(r) decrease. This gives a TMR ^ ~ (;~) 2 > where l is the mean free 

path proportional to r and ri — is the Larmor radius of a charge with drift velocity v. 

This gives the quadratic dependence in B of the TMR. This can be expressed in the general 

form, known as Kohler’s rule, ^ a ( u> c t ) 2 , where w c (= jjjl) is the cyclotron frequency 

and for weak magnetic fields uj c t < 1. The free electron theory gives zero MR. in the first 

approximation whereas in the second approximation, it predicts a quadratic variation for 

small fields and a saturation in large fields[41]. Similar behaviour of the TMR was predicted 

from the two-band model in cases where two overlapping bands exist, like for example, in 

transition metals[42]. In the two-band model the MR is given by 

Ap ajMPi - &) 2 # 2 f 

Po (^l + cr 2 ) 2 -f H 2 {PiOi + # 2 Cr 2 ) 2 ’ 

where cq’s are the conductivities in the two different bands and & = ■ SB ~. This means that 
if the two groups of carriers have either different effective masses or different charges or 
different relaxation times then only it gives a non-zero magnetoresistance. However, TMR 
can also be understood in terms of the anisotropic relaxation times and non-spherical Fermi 
surfaces[43]. 

In a metal with magnetic spins, additional quantum-mechanical effects like the suppres- 
sion of the spin-flip scattering or weaklocalization can give rise to a negative MR. A con- 
duction electron scatters by exchanging spins with magnetic moments or spin excitations. 
An external magnetic field increases the energy needed to flip a spin and thus decreases the 
amplitude of spin-flip scattering. This causes a decrease of resistivity in the presence of a 
magnetic field, resulting in a negative MR. Abrikosov[44] predicted the variation of MR as 
p(o) — ~ a (p^) 2 ; where a is a positive constant and p is the moment per magnetic scat- 
terer, by considering the weak-field spin-flip scattering amplitude between an electron and a 
single local magnetic moment. The spin-flip scattering from exchange between conduction 
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electrons and spin excitations in an itinerant ferromagnet was considered by Herring[45]. 
Mookerjee[46] calculated the MR in SG’s on the basis of an Edwards-Anderson-type model 
by considering the fact that local spins interact through the conduction electrons via the s-d 
exchange coupling. He predicted a negative MR at all temperatures and fields and an H 2 
variation in low fields. According to him, the MR can be written as 
A p = —cRqJ 2 


M(H) + 2{Q(H) - Q(0)}{1 - ^S(S + 1)} 


+ 2(A)Q(H)Af(tf)tanh(|g^) 


(1.23) 


where M(H) = ^f°° exp(-£) tanh [a + + 3lqW(H)z] dz 

and 

Q{H) = -7S /_“ exp(-4)tanh 2 [<* + + %Q ,/2 (H)z] dz 

and © is the Curie temperature and a — This was verified experimentally by 

Nigam and Majumdar[47] in canonical SG’s. However, in a ferromagnet (FM) the presence 
of spontaneous magnetization and domain wall movement tend to further complicate the 
interpretation. 

In the weak localization regime propagation of electrons between scattering events is no 
longer classical and therefore the quantum mechanical effects come into picture. These can 
be divided broadly in two parts; (i) ‘localization’ which considers the quantum interference 
between scattered waves[48-50] and (ii) ‘interaction’ effect which considers the modification 
of e-e interaction [48, 51, 52]. Details of these theories are available in the above references. 

On cooling, these alloys (RSG, X=23 and 26) pass through more than two magnetic 
phases and hence the variation of the LFMR of these samples may not necessarily follow 
any of the above mechanisms. However, they are expected to show some complex interplay 
of the above mechanisms. The LFMR is closely connected with the state of magnetization 
of the alloy and is capable of providing more subtle information than, say, direct mag- 
netization measurements. Barnard[60] observed that the LFMR (in Au — 8 at.%Mn and 
Cu — A.6at.%Mn) showed dips at the freezing temperature T g and is negative for both the 
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ing(i.e., R.SG) at the lowest temperature and the other does not. x(T) increases sharply 
with decreasing temperature as the FM ordering temperature (To) is approached from the 
PM side, indicating a PM to FM transition. Then it shows a weakly temperature-dependent 
plateau in the FM regime. On furiher lowering of temperature x(T) decreases sharply around 
T g and the system enters the SG or the RSG regime. Theoretical models also predict similar 
phase transitions. However, there exists a lot of controversy about the exact nature of the 
RSG phase. Neutron scattering data support the existence of three distinct phases and the 
persistence of FM ordering down to the lowest temperature in AuFe[21] while in EuSrS no 
such coexistence was found[65]. It has been reported that at low temperatures the spin waves 
disappear in FeNi and FeCr alloys. But in NiMn the spin waves coexist with the SG ordering 
down to the lowest temperature. Sherrington and Krikpatrick[24](SK) predicted a similar 
phase with no spontaneous magnetization. Rakers and Beck[66] did not find any evidence for 
the presence of long-range ferromagnetism at any temperature in Aus 2 .sFe u , 5 but observed 
a magneto-thermal-history effect for the entire temperature range. An infinite range model 
of vector spins (GT model) [67] predicts a PM to FM transition in systems where J 0 (mean 
ferromagnetic interaction) is slightly greater than 1. It also shows a second transition at still 
lower temperatures to a mixed phase where FM ordering of the longitudinal spin components 
coexists with the SG freezing of the transverse components. 

Investigation of non-linear ac susceptibility is one of the most important tools in under- 
standing any magnetic phase transition. In general, the non-linearity of magnetization in 
the presence of a magnetic field is given by[68] the series expansion 

m = m 0 + Xoh + Xih 2 + X 2 h 3 + , (1.24) 

where mo is the spontaneous magnetization, xo the linear and Xi> X 2 > etc. the non-linear 
susceptibilities, and h the applied field. For ferromagnetic (FM) samples m has no inversion 
symmetry with respect to the applied field because of the spontaneous magnetization, unlike 
an SG. Hence for an SG, where no spontaneous magnetization is present, to can be expressed 
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a FM the Hall resistivity (pn = ~^) can be written as (in SI units) 

p H — RqB + R S M, (1.27) 

where Rq is the usual Lorentz term or ordinary Hall constant, R s the extraordinary Hall 
constant (EHC), and M the magnetization. In high fields, when the magnetization saturates, 
further increase of pn is only possible through the Lorentz term. Hence, the slope of the 
high field pH gives the value of Rq and its intersection on the pH axis gives R S M S where M $ 
is the saturation magnetization. 

Generally, R s is at least one order of magnitude larger than Rq and shows a strong 
temperature dependence in contrast to the weak temperature dependence of Ro. It is also 
found that R s oc p n where p is electrical resistivity and 2.0 > n > 1.5 at high temperature 
for ferromagnetic material like, Ni and Fe. In transition metals and alloys, R s = ap -f bp 2 
where a and b are constants which depend on the material. 

No single theory is adequate to explain all the characteristics of the extraordinary Hall 
effect(EHE) observed in various materials. However, the theories can be broadly classified 
into two categories: (i) itinerant and (ii) localized. 

Karplus and Luttinger[72] considered the d-electrons itinerant in nature having unequal 
population for spin-up and spin-down electrons, d-spins interact with its own orbital angular 
momentum and lift the left-right symmetry of the electron wave function. Because of this 
asymmetry, a net current is produced in the presence of an electric field in the direction 
perpendicular to both the electric field and the average direction of the spin of the electrons. 
This gives rise to the extraordinary Hall effect whose coefficient varies with the square of 
the electrical resistivity. Similar results were also predicted by Irkhin and Shavrov[73] by 
considering the scattering of electrons by phonons. Kondorskii[74] found R s = ap+ bp 2 by 
considering the scattering by both impurities and phonons. He had experimentally verified 
this for a number of NiFe, FeMo, and FeAl alloys over a wide range of temperature and 
concentration. 
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Kondo[/ 5 ] proposed a localized model where s-electrons with equal population for up 
bands are the charge carriers and the d(f)-electrons are localized at the lattice sites 
tal spin contributing to the magnetization. By considering intrinsic spin-orbit 
action of the d(f)-electrons, the Hall resistivity can be given as 

Ph = constant < (M- < M >) 3 >, ^ ^ 

. fl < (M < M >)3 > 18 the three spin correlation function which describes the 
pm actuations due to thermal disorder and account for the temperature variation of p„. 

orbit “ ld "" KaS “ “ d MakSimOV ( 77 ) * niixed t w of spi„- 

erac ,on s-orb.t/d(f)- spin) along with the intrinsic one. Under the molecular field 
approximation for s=l/ 2 , p H is gi ven by 


pH « Ml (0) - MliT), 


(1.29) 
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of the wave packet in the presence of a S.O interaction. When an electron wave packet is 
scattered by a potential then the locus of its center of mass, before and after scattering, 
can be assumed to be straight lines. But, the two trajectories before and after collision 
might not meet at the center of the scattering potential. The new trajectory might be 
displaced from the one before scattering by a finite amount. Thus at every scattering the 
electron wavepacket experiences a finite displacement (« 1CH 10 — 10“ 11 m for band electrons) 
along y-direction which contribute to the extraordinary Hall effect. This results, because 
the scattering potential distorts the wave function locally and thereby creates a local current 
density. The magnitude of the side-jump is independent of the range, strength and nature 
of the scattering potential. This mechanism dominates when the mean free path of the 
electrons is small, i.e. for concentrated alloys and/or at high temperatures. R s arising from 
side-jump varies as the square of the electrical resistivity. 

Kondorskii[81] proposed the first successful theory to explain the sign of R s in ferromag- 
netic material like, Fe, Ni, Co. According to him, in a FM, the occupations of two sub-bands 
are different because the exchange interaction splits the spin-up and spin-down bands. The 
contribution to R s by the carriers in different sub- bands will be different. The carrier type 
in a particular sub-band will be decided by the topology of that part of the Fermi surface. 
So the overall sign of R s will be determined by the dominating carriers and their spins. He 
arrived at the expression 


Rs = ^ 1 E M nK n S n , (1.30) 

he n 

where I s is the spontaneous magnetization, a is the electrical conductivity, M n is the average 
Z-component of the magnetic moment of an electron in the nth band(M„ = which 

is positive for electrons in the up-spin band), K n S n is some integral carried over the nth 
spin zone S n , and C is a constant for a given metal. Thus if the quantity ]F n K n S n for the 
electronic part of the Fermi surface dominates over that of the hole then electrons will be 
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e dominating carrier for extraordinary Hall effect and vice versa. Accordingly he predicted 
that It, will be positive if the dominant carriers are electron-like and are from the up-spin 

and and negative if they are electron-like and are from the down-spin band. For holes the 
signs will be just opposite of those for electrons. 

In the framework of the rigid band model, Berger[80] predicted that the sign change of 
R, was associated with the Fermi level crossing some degeneracy in the Ni band in NiFe and 
N.Co alloys. However, no such correlation was observed in CuNiFe alloys. To explain the 
results observed in ternary alloys Ashworth et al.[82j suggested an extreme model where all 
three constituents of ternary alloys have distinctly separate sub-bands. The sign change 
was identified with the Fermi level crossing the top of the Ni spin-down band ( or where the 
spin-down bands of Ni and Fe meet). This model was further extended for NiFeMefMe— Cr ' 

, Ti, W, Mo, etc.) alloys. The bands for N, are situated at the bottom in the 

z; :r to eiectrons - ° f - - — — — 
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We know that some kind of spin-orbit interaction is responsible for extraordinary Hall 
effect. The spin orbit coupling parameter for 3-d band electrons is given by 

UE F ) = A„,Xd’Z lmatr j Xele ™ nt ? , (1.32) 

n ■C'n — •C'F 

where A so is the atomic spin-orbit parameter for 3d electrons, X (« 0.1) is an overlap 
integral between nearest neighbour atomic 3-d states, d is the nearest neighbour distance of 
atoms, and E n is the energy of a band state n. When the Fermi level Ep is in the upper 
half of the band, the states at Ep mostly mix with those of lower energy, thus making the 
denominator ( E n — Ep) negative and hence R s . The case is reversed when Ep is at the 
lower half of a band. Hence, R s should change sign when Ep crosses the boundary between 
the two sub-bands. The split-band model can successfully explain the sign change of R s in 
various binary(say, NiFe) and several ternary alloys, for example, NiFeCu[82], amorphous 
Fem-xCo x B- 2 o (0 E x < 8 at.%), Co^Ni^B^, Fes$- x Ni x B 2 o{ 6 Q > x > 0) [83] . 
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Chapter 2 


Experimental details 


Having stated the objectives and identifying the problems we are now looking for their 
solutions. For this we have to measure several quantities. This is the most important and 
difficult part, yet this is the smallest chapter. Here we describe the sample preparation and 
their characterization and the experimental techniques including the cryostat design. 

2.1 Sample preparation and characterization 

The alloys Fe &Q ^ x FiixCr 2 Q with X= 14, 19, 23, 26, and 30 were prepared[l] by induction 
melting in an argon atmosphere. The starting materials were of 99.999% purity obtained 
from M/s Johnson Matthey Inc., England. It is not possible to have AF 7 — phase of Fe 
below 1180 K due to 7 — *• a transformation. Introduction of Cr stabilizes the 7 — phase and 
allows one to study in FeNiCr alloys a complete transition region from AF (Fe — rich) to 
FM(iVi — rich) within the same crystallographic fee phase. The magnetic phase diagram of 
Feso-xNixCr 2 o{W < X < 30) alloys is shown in the Fig. 2.1. The alloys were homogenized 
at 1323 K for 100 h in an argon atmosphere, and then quenched in oil. This thermal treatment 
is very important in preventing any possible chemical clustering and also the a- phase. All 
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2.2 Experimental techniques 

2.2.1 Magnetic relaxation 

To study the relaxation dynamics, we applied a small magnetic field (10 gauss) at a 
temperature greater than the characteristic temperatures T ch (Tg, Tc, Tat), cool (tc = cool- 
ing time) the system to a temperature Tm which is less than the characteristic temperature. 
This field-cooled system will attain a metastable state (which is not an equilibrium state), 
then after waiting for definite amounts of time tw ( tw varies from 60 to 3600 s ) the mag- 
netic field is removed, the system is allowed to relax towards the equilibrium state and then 
the thermo- remanent magnetization(TRM) is measured with time (30 to 12,000 s) using a 
SQUID magnetometer (Quantum Design, MPMS) at National Research Institute for Met- 
als, Japan. Immediately after switching off the magnetic field an instantaneous drop in the 
magnetization is observed. The subsequent decay of the TRM is measured where 0 s is 
the time when the field is switched off. To see the effect of temperature, we also measured 
TRM at several temperatures, Tm, both above and below the characteristic temperatures 
for constant wait time, t w = 180 s. We have very carefully subtracted the background noise. 
We repeated a few experiments with an applied field of 20 gauss and obtained similar results 
within the experimental error. 

2.2.2 Low-field magnetoresistance (LFMR) 

In a metallic system, the change of electrical resistivity in the presence of a magnetic 
field is exceedingly small for small fields (< 30 gauss). To detect the minute change of 
resistivity in fields comparable with those used in ac susceptibility experiments, Barnard[2] 
devised a state of the art instrument which can measure LFMR with a resolution of 10 -8 . 
The LFMR, in the present investigation, was measured using this instrument. The LFMR is 
normally obtained by measuring the voltage developed across a current carrying sample with 
and without the presence of a magnetic field, applied either in a longitudinal or a transverse 
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direction with respect to the current. Now the LFMR can be defined as the ratio of the change 
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’ ' 18 V6ry Sma11 and hence its detection against a large background v 0 Jtage(V' = I. R) 

s 'ery difficult. The fundamental feature of this new method is to separate AV from V 

If a terj stable dc current (from batteries) passes through a sample and an unidirectional 

pulsed or oscillating magnetic field is applied, then the change of the voltage in the presence 

be fieW Wi ” SlS0 bC ° SCmat0ry “ DatUre ' ThiS “ V ° I,a8e C ° U,d th “ 

P and measured using a lock-in amplifier(LIA). Hence very small LFMR voltages 

sc ematic diagram of the measuring circuit is shown in the Fig. 2.2. 


The capactor, C is used so that the dc voltage, V can not flow through the primarv 

° ‘ ' tranSf ° rmer T ' The vaIue °f C is large (« 10, 000/rF) so that it can provide very low 

27 ““ ‘° thC ™ Ve Sigml(4 ° - 200 HZ) ' The 13 necessary to match 

■ w-source res, stance of the sample to the high-input impedance oftheLIA I, also ' 

noiseless amplification of the MR signal by a factor of 100 . It was made fro ' S ’ VeS 

super-mumetal with a primary wound from 16 swg wire to give an i d t 9 ^ 

crac j ° ire 10 & lve an ln ductance of 50 mit tv,,, 

secondary was wound with 40 sw^ wl ' ro + mH ‘ The 

g wire, the turns ratio being 100*1 When a «, 
current passes through a solenniri •* , square- wave 

ugn a soJenoi d, it produces a magnetic field w m„u 

at the edges This can he r , , h h may havf ‘ ‘ sina]1 spikes 

be removed by applying a similarly generated ,in„», f 

via the variable mutual inductance M which is driven bv th ° PI ’° S,t< ’ ^ 

pulsed field. This operation has * SamC current that generates the 

have measured the LFMR in twodj T” ^ fl ° WS thr ° Ugh Sample - We 
— * ,e direetio " : ^ ^ ^ ^ - - -ays 

an unidirectional square-wave pul ’ ° ngItUdmal ““^‘“resistance). In one case 
varied. In the other case a sm 11 produced the magnetic field whose amplitude could be 

dC "hose niagnZderiTZ]^ ^ ^ 




Figure 2.2: Schematic diagram of the circuit used for LFMR measurements. 
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2.2.3 AC susceptibility 


The ac susceptibility measurement facility was developed as a part of my thesis work. 
An ac mutual inductance bridge was locally made[3]. There are two secondaries which are 
connected in series opposition so that the output of the bridge is nearly balanced without any 
sample. If the two secondaries are identical then the output should be zero. However, for all 
practical cases there is always some off-balance signal present which we balance electronically. 
The working principle of the bridge is simple. We take a small signal accross R which is 
in phase with the primary signal(Fig. 2.3). This is resolved into a set of reference and 
quadrature components by using a low-pass(A2) and a high-pass(A3) Butterworth active 
filters having the same time constant. These are separately amplified using two different 
variable gain amplifiers(A4 and A5). We have used decade resistance boxes(DRB) of General 
Radio which show very good frequency characteristics < 1%) for the gain variation. After 
amplification these are passed through an adder(A6) and then fed to the secondaries. Here 
we can independently null the in-phase and the quadrature components of the secondary 
signal without any sample by using amplifiers A4 and A5. The inverter Al is there to match 
the polarity to null the off-balance signal in the secondary, if required. When a sample is 
placed inside one of the secondaries, the induced voltage in the coil is given by 

E = -uAf^ 

J dt 

3 5 

= -nAfu>h 0 [{x o + + gX4^o + •••) sinut + (xi^o + Xs^o + 

15 3 1 5 

+ ...)sin2ut + {-x 2 h 2 0 + — x^o + -)sin3ujt + ....] 


= -nAfuh 0 (x t 0 sinwt + x\hosin2u;t + -x^hlsinZut + ....), 


(2.1) 


where n is the number of turns per unit length, A the cross-sectional area of the secondary 
coil, / a filling factor, h = h 0 cosujt and 

3 5 

Xo = Xo + ^X2^o + gX4^0 + ..., 

Xi^o = Xih + X3^o + ^X5^o +.-••> 
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4X2^0 — ^X2^0 + Yg^ 4 ^0 ■*" •”’ eiC - (2.2) 

For small fields we can write Xo ~ Xo>Xi ~ Xi>X 2 ~ X 2 > etc. Driving the primary coil 
at a frequency u> and detecting the secondary coil signal at frequencies u, 2u, 3u>, etc. 
using a lock-in amplifier, we can find linear (xo) and non-linear (xi,X 2 , etc.) susceptibilities. 
Actually what we detect is the coefficient of sin cut, sin2u jt, sin3a ;t, etc. of Eq. (2.1). These 
are proportional to the linear and non-linear susceptibilities for small fields. We measure 
both real and imaginary components for all terms of the susceptibility, i.e, xo = Xo + ix'o- 
In spin glasses m is expressed as an odd power series in h. Hence Xi> X3> Xs> etc. will not be 
present in an SG where there is no spontaneous magnetization. 

The measurements are performed in the temperature range of 1.2 to 100 K and in a 
frequency range of 30 to 800 Hz, using an ac field range of 0.1 to 1.5 Oe. One additional coil is 
present to produce a dc magnetic field up to 150 Oe. Samples are placed vertically such that 
the magnetic field is parallel to their largest dimension. Needle or cylindrical-shaped samples 
are used with maximum diameter and length of 2.5 and 15 mm, respectively. The cryostat 
assembly consists of a glass dewar and a double- w r alled quartz tube(Fig. 2.4). Primary and 
secondary coils are wound on a bakelite former which surrounds this quartz tube. These coils 
always remain dipped in liquid helium and all the electrical connections (inside and outside 
the cryostat) are made by using miniature coaxial cables (Lake Shore) to reduce ac drift of 
the bridge. A perspex sample holder is connected to a stainless steel(SS) tube which goes 
inside the quartz tube. A heater, wound on an OFHC copper block, is attached to the same 
SS tube and placed 5 cm away from the sample so that it does not produce any extra signal. 
Exchange gas is used to heat the sample uniformly. Temperature is measured with a silicon 
diode sensor (D087111, Lake Shore) using a Lake Shore temperature controller (DRC-93C). 
In-phase and out-of-phase components of the susceptibilities are measured by using a dual 
phase lock-in amplifier (PAR 5208). All the instruments are connected to a PC through a 
GPIB(IEEE 488) card. Data are taken at an interval of a few mK by a computer-controlled 
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Figure 2.4: Schematic diagram of the cryostat assembly. 
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automatic data acquisition system developed by us. 

2.2.4 Hall effect 

The Hall voltage in metals is small, only a few microvolts for moderately high magnetic 
field and current. Therefore, to detect this small signal special care has been taken while 
designing the cryostat and waring the circuit. We have used a sample current of 100 mA and 
the maximum field of 1.7 T for Hall measurements in the temperature interval of 1.5 to 300 
K. We have used a five-probe dc method for the Hall voltage measurements to minimize the 
resistive voltage arising from the misalignment of the voltage probes. We have shown the 
measurement set-up schematically in Fig. 2.5. A and B are the current probes connected 
to a Keithley 220 programmable current source. E and F are the voltage leads which go to 
a Keithley 182 nanovoltmeter. A 10 KCl potentiometer is connected between the terminals 
C and D from where one of the voltage probes is trapped(F). By adjusting the position 
of the voltage probe F one can reduce the misalignment voltage to less than 10 nV at any 
temperature. The distance between the probes C and D is less than a mm. We have used four 
different combinations of current and magnetic field to get the Hall voltage after eliminating 
the thermal and misalignment voltages. If the magnetoresistance of a sample is small then 
one can afford to measure the Hall voltage even without reversing the magnetic field. For 
our sample an error of « 40 nV arises if we do not reverse the magnetic field whereas our 
typical Hall voltage is around 5 microvolts. We have thinned down our sample to less than 
0.1 mm to get higher Hall voltage. The magnitude of the Hall voltage also depends on the 
length to width ratio. If this ratio is less than 5 then a part of the Hall voltage gets shorted 
through the current electrodes and hence the magnitude of the Hall voltage reduces for a 
given thickness of a sample. Typical dimensions of our sample are (17 x 3 x 0.09) mm 3 . 
We have firmly placed the sample on the sample holder to prevent any noise arising from 
the small movement of the sample due to the magnetic field. We applied GE varnish to 
fix the sample and also apply Apiezon grease on it. The latter becomes very hard at lower 
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Figure 2.5: Schematic diagram of the Hall effect measurement apparatus. 

temperatures and holds the sample firmly against the sample holder. All the connecting 
wires are twisted and pass through properly grounded shielded cables to minimize pick up 
of any external signal. After taking all these precautions we are able to reduce the noise to 
±5 nV. 
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Chapter 3 


Relaxation of thermo- remanent 


magnetization 


In this chapter we present the time decay of the thermo-remanent magnetization(TRM) 
of Fe 8 o-xNixCr 2 o (14 < X < 30) alloys for four different magnetic phases within the fee 7- 
phase. The TRM is measured using a SQUID magnetometer(Quantum Design, MPMS). In 
the spin-glass phase(SG)(X=19) very distinct ageing effects are observed where M(t) can be 
described as M ( t ) = Mo(t/t u ,)“ 7 exp[-(t/r) 1_n ] for the entire time domain. In the reentrant 
spinglass(RSG)(X= 23 and 26), M(t) is well represented by the stretched exponential with 
an addition of a constant term which can be well explained by the Gabay-Toulouse(GT) 
model. In the RSG(X=23), the TRM shows a minimum near Tc and a local maximum 
just above Tc- In the FM phase (X=30), the popular prediction of the power law decay of 
the TRM is observed. The latter is indistinguishable from the stretched exponential in the 
antiferromagnetic (AF) phase (X=14). 


1 This chapter is mainly based on the published work by G. Sinha, R. Chatterjee, M. Uehara, and A. K. 
Majumdar, J. Magn. Magn. Mater 164, 345(1996). 
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3.1 Results and discussion 

The most salient feature of the present work is to demonstrate how by changing the 
composition by small amounts in Fe 80 _xNi x Cr 20 alloys ( X = 14 AF, X = 19 SG, X = 23,26 
RSG, X = 30 FM ) one can tune the relaxation dynamics. This is the only experimental 
report which presents a complete scenario of the relaxation spectrum in various kinds of 

interesting magnetic phases and throws new light on this area of interest to theoreticians as 
well as experimentalists. 


3.1.1 Spin glass(X=19) 

We observe remarkable results of ageing effects in the SG where each isotherm strongly 
depends upon wait time t w (time of exposure in the magnetic field below T g ). The magne- 
tization can be well represented by an equation of the form 

M(t) = M 0 (V^)“ 7 exp[-(t/r) 1 - n ] (3J) 

for the entire available time domain. Figure 3.1 shows the time decay of TRM, M(t), for 
different wait times (t w = 60, 240, 1200, 1800, 3600 s) below T g (12 K) at T m = 5 K for 
the SG (X = 19) and the solid lines are the best fits of the experimental data to Eq. (3.1) 
(* 2 = (l/») &.(««» data, - Fitted **)»/*» data] < 1 0-). We have purposefully 
Plotted our data on a linear time scale because if we plot on a log scale, for longer time 
interval, the plot will contract and the fits will apparently look better. However, goodness 
Of fit is better judged from the value of FVom these fits, the value of the initial TRM 

fte CharMtmStic time r, and the exponents, n and 7 , are found. The most 

significant feature of this analysis is that M. (« 0.04 emu/g) is not varying with t w [l-3] 

While the exponent, n, gradually increases with the increase of t w . This indicates that larger 
time exposure below T g in a magnetic field makes the system more reluctant to come bade 
c .an equilibrium state from a metastable one. According to Chu et al.[4] (discussed in 
Chapter 1), larger the wait time, the slower is the decay of TRM because in that case a 
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large number of states will be surrounded by higher barriers and it takes a longer time for 
the system to leave these states and decay towards the sink amongst the low barrier heights. 
Other investigatorsfl, 2] reported n independent of wait time but we found that it varies 

from 0.63 to 0.77. The power law exponent, 7, remains constant (0.022 ± 0.004) except t w 
= 60 s where 7 is 0.03. 


Figure 3.2 shows the variation of TRM, M (t), with time for different temperatures at a 
constant wait time (t w =180 s). From the best fit to Eq. (3.1) the temperature variations of 
n, Mo, r, and 7 are found which broadly match with the previous observations[l~3, 5). The 
value of n increases linearly from 0.8 to 0.9 from 0.5T g to Tg and then it starts falling beyond 
Tg (Fig. 3.3). It is reported that in the SG AgMn and CuMn, n remains constant at lower 
temperatures and then it starts rising from a temperature T =T„, which strongly depends 
on the anisotropy energy of the sample[6] and hence can vary from sample to sample. 

Non-availability of lower temperature data(less than 0.4T g ) prevented us from verifying 
the constancy of „. The prefactor, M„, shows (Fig. 3.3) a linear decrease with increasing 
temperature for T < 0.75 Tg and the rate of decrease becomes slower for T > 0.75 T g , in good 
agreement with the earlier findings[l]. The power law exponent 7 increases with the increase 
Of temperature up to 0.75 T g . At T g and beyond it starts decreasing with temperature (Fig. 
3.3). It is difficult to tell exactly the temperature from which it has started falling, but the 
earher prediction was that it should increase as one approaches T g [3). Figure 3.4 shows how 
t e inverse of the characteristic relaxation time r decreases with the increase of the reduced 
emperature T g /T for X-19. This was also observed by Alba et al.[3] in AgMn. 

Figure 3.4 also reflects the general tendency observed by others[2, 5). Fewer number of 
data po „ts prevents us from finding the functional form. Apparently, to chech the expo- 
neutral form as predicted earlier[2], we need to probe even at lower temperatures. We can 
try to explain the variation of r with temperature by considering hierarchically organised 
—b e states in phase space t 7) within the ffameworlt of Paris* mean-field solution of 

m “ 6 ™ ge SK m ° de1 ' ^ “**“ " c »‘™ously splitting into new states with the 
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Figure 3.4: Temperature variation of the inverse of the characteristic relaxation time, 1/r, 
(semi-log) for t u , = 180 s in the SG(X=19). Dotted line is just a guide to the eye. 
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0 0.1 0.2 0.3 0.4 0.5 

l-n 


Figure 3.5: Y = log ((l-n)(l/r)< 1 -)) = log (c «*“») as a function of (l-n) for different 
temperatures for t w = 180 s in the SG(X=19). Solid line is the best fit for getting u. 

lowering of temperature and are separated by barriers. These barrier heights st rongly vary 
inversely with temperature. That is, at lower temperatures, barrier heights increase and 
separate different metastable states into mutually inaccessible states which makes r larger 
at lower temperatures. Using values of n and r from Figs. 3.3 and 3.4, respectively and 
plotting log(l — n)(l/r) 1-n versus (l-n) by writing this function as (1 -^(l/r) 1-71 = ca; 1_n , 
we get the value of the relaxation frequency u from the slope of the best-fitted curve (Fig. 
3.5) as 1.9x10-' s' 1 and the constant, c, is 0.13. These values are much lower than those 
predicted earlier[l]. Analysis of M(t), considering only the stretched exponential, i.e„ with- 
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out the power law part of Eq. (3.1), shows unusually small (~ 10 times smaller) values of n 
and a poor \' 2 (~ 10 -5 ). Fits are even worse in cases of other mathematical forms, like only 
the power law. So, we find that Eq. (3.1) is the simplest analytical form that can represent 
our experimental data of the decay of TRM in the SG phase for the available time domain. 

We should mention here that Eq. (3.1) is a simpler version of the earlier prediction 
of scaling analysis of ageing process[3, 8] (Eq. (1.20)). Instead of t they used A which 
is a function t and t u , and A -4 t for t « t w . But we find that Eq. (3.1) is valid for 
the entire available time domain. FeNiCr alloys show some unconventional behaviour in 
different magnetic phases. From our magnetoresistance(MR) measurements^] we concluded 
that these alloys do not show distinctive features of any pure magnetic phase. This could be 
understood in terms of very strong competing ant,iferro(Fe-Fe, Cr-Cr) and ferromagnetic (all 
other pairs) interactions which prevent the formation of well-defined pure magnetic phases. 
Hence the direct comparison of Eq. (1.20) with our result is difficult. Ogielski[10] predicted 
similar analytical form to describe the spin autocorrelation function in SG at all temperatures 
above T g for both short and long time scales. However, other investigators[l, 5, 6] found 
only the stretched exponential form for the decay of TRM for the SG phase. 

Chu et al.[4] in a recent paper, reported that for longer wait times remanence should be 
large and the decay of TRM becomes slower as we had observed. They also calculated the 
field dependence of the exponent (n) which does not vary significantly from 4 to 30 gauss. 
For fields > 50 gauss, n increases significantly. We have repeated some of our experiments 
in 20 gauss field and could not observe any change in the exponents. 

3.1.2 Reentrant spin glass(X= 23 and 26) 

SG has been the focus of attention for quite sometime, but not much attention has been 
paid to the RSG phase. The sample with X = 23, below 35 K, enters an FM phase from a 
random paramagnetic(PM) phase. On further lowering of temperature below 22 K it enters 
once again a new random phase where FM and SG orderings coexist [11]. It shows most of 

«£WTRAL LIBKAUY 

l.l.T,, KAMFUB 
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the SG-like behaviour (frustration, irreversibility, etc. ). This phase is known as the RSG 

We observe in the RSG the best representation of TRM is 

M{t) = Mi + M 0 exp [-(t/r) 1- ”] . (3 2) 

The additional small term Mi can easily be explained in the framework of the GT model[l2] 

where only transverse spin freezing occurs in the RSG while the longitudinal spins can 
produce diffuse background effect. 

Figure 3.6 represents the variation of M(t) with time at T„=5 K for different wait 
times (t w = 60, 1200, 1800, and 3600 s) in the RSG phase (X-23) and the solid lines are 
the best fitted curves which are of the form of Eq. (3.2)(x* * Hr* - It) ■). The salient 
feature of this figure is that the initial magnetization, „„ = M 0 + M,, increases with the 
increase of wait time (Fig. 3.7). This is not observed in the SG phase but the variation of 
n is similar. We also observe that M„ which is arising because of the presence of the FM 
dering[12], is not changing at all with wait time and the values of M, are 84% to 94% 
of the total magnetization depending on wait time (total magnetization changing with wait 
time). It is quite natural that if the ferromagnetic component is embedded in the SG phase 
then the major contribution of the total magnetization should come from the ferromagnetic 
component. Similar expression (Eq. (3.2)) also reported earlier for the decay of TRM in 

RSG S ^' But tlley dld ” ot find difference between the IiSG and the 
G Phases. We find that Eq. (3.2) is only valid for the RSG and distinct dilferences exist 
between the SG and the RSG phases. 

(T "“r 39 thC Variati0n ° f M<t) WKh Ume a ‘ different t<,m Peratures 
I! ; ’ ’ 3 ' l 5 ’ 30 ' 3,13 38 K) *» ™ C!80 s). Eton, the fits of the 

with tempi t ’ 1 a ValUC ° f ^ a ” d the eXP ° nent ’ “ f ° Und ' The eXponent increases 

itn temperature and approaches ^ 
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Figure 3.8: TRM, M(t) (10 -1 emu/g), as a function of time in the RSG (X=23) for t w = 180 
s for different temperatures, T m = 10, 15 and 20 K, from top to bottom, respectively. Solid 
lines are the best fits of the data to Eq. (3.2). 
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gure 3.9. TRM, M(t) (10 ’emu/g), as a function of time in the RSG (X=23) for t - 18 

s for different temperatures. 38, 25 and 30 K, from top to bottom res Li 1 gl", 
are the best fits of the data to Eq. (3.2). respectively. Solid line 
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Figure 3.10: Temperature variation of the exponent, n, and the initial magnetization, 
< 7 0 (emu/g), for t u , = 180 s in the RSG(X=23). Dotted lines are just guides to the eye. 

A drop in the value of n indicates a phase change. Moreover, at lower temperatures it shows 
a better fit to Eq. (3.2) but at higher temperatures power law fit is better than the stretched 
exponential. This supports the onset of the FM phase. This could also be an indication of 
the switch-over from nonequilibrium dynamics to equilibrium dynamics when it passes from 
the RSG to the FM phase. The power law behaviour in the FM phase (having an exponent 
« 0.06) is quite consistent with the Huse and Fisher theory[14]. 

The rate of increase of the exponent also changes somewhat beyond 30 K where it passes 
from the FM to the PM state at 35 K. The value of the exponent increases by 4.6 % in the 
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temperature interval of 8 K (30 to 38 K)(Fig. 3.10). This is above the error bai which is less 
than 1 %. The error bar (Fig. 3.10) is of the order of the size of the symbol. The value of the 
exponent shows anomaly near two temperatures, 22 K and 35 K, which are nothing but Tg 
and T c , respectively [11]. But the variation of n near T c is not as prominent as that near T g . 
We also find that in Eq. (3.2) the additional term , Mi, which is the value of the residual 
magnetization, M(oo), decreases with the increase of temperature below Tg (0.0067 emu/g 
at Tg) and suddenly increases to 0.027 emu/g when it enters the FM phase, as expected. The 
most striking observation is the variation of the initial magnetization, <7o, with temperature 
(Fig. 3.10). cj o decreases monotonically with the increase of temperature up to 20 K beyond 
which the rate of decrease reduces significantly and at 25 K and 30 K it becomes almost 
constant (0.033 and 0.032 emu/g, respectively) and then there is a sudden rise at 38 K (0.045 
emu/g) wTtich makes the scenario most interesting. The value of a 0 changes by about 40% in 
this temperature interval (30 to 38 K). This kind of remarkable observation of switching of 
magnetization while passing from FM to PM phase was reported earlier only by Chamberlin 
and Holtzberg[15] in ferromagnetic EuS single crystal. They tried to explain this in terms 
of the percolation theory[16]. So we observe that the TRM in the RSG (X=23) shows a 
minimum near T c and a local maximum just beyond T c . At lower temperatures (< T c ), the 
finite size domains try to orient themselves with the direction of the local field which need 
not be in the same direction as the applied field. These domains are dynamically strongly 
correlated (forming a strong viscous medium). These FeNiCr alloys have shown very large 
high-field susceptibility[17], i.e., even at very high magnetic fields the orientation of these 
domains with the direction of the applied field is not complete because of the presence of 
strong anisotropy. Near Tc the correlation between finite domains gets disrupted. Just 
above T c , the domain magnetization still remains but the domains become less viscous 
and they try to orient themselves along the direction of the applied field, thus increasing 
the magnetization. Further increase of temperature randomizes the spin orientations. We 
repeated the experiment to confirm this unusual observation and found a similar behaviour. 
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The sample with X= 26, below 56 K , enters a FM phase from a random PM phase. 
On further lowering of temperature below 7 K it enters an RSG phase[ll]. We observe some 
different features in the samples X= 23 and X= 26, though they undergo similar kinds of 
phase transitions(PM — > FM — » RSG). M(t) data at 5 K, similar to those shown in Fig. 3.6 
but now for the sample X= 26, when fitted to Eq. (3.2) (x 2 « 10 -6 — 10 -7 ), shows that 
the initial magnetization, cto = Mo + Mi, does not change with wait time ( 0.5 emu/g). 

The value of the exponent, n, increases from 0.55 to 0.64, with the increase of wait time 
from 240 to 3780 s. We have observed similar variation in the SG(X=19) phase whereas 
in the other sample, X=23, a 0 increases with wait time in the RSG phase. The value of 
o o is larger for the sample X=26 than that for the sample X=23 and smaller than that for 
the sample X=30(FM, described below). Hence the value of the initial magnetization, do, 
increases gradually with the increase of Ni concentration as we move towards the FM phase. 
The variation of n is similar in both the SG(X=19) and the RSG(X=23) samples. 

Figures 3.11 and 3.12 display the variation of M(t) with time at different temperatures 
(T m = 6, 8, 10, 20, 30, 40, 50, and 60 K) for constant wait time (180 s) for the sample 
X= 26. From the fits (x 2 ~ 10 -6 — 10 -7 ) of the data to Eq. (3.2), the values of the initial 
magnetization, cr 0 > and the exponent, n, are found, a o decreases at a faster rate up to 20 
K and then continues to decrease slowly till 60 K (Fig. 3.13). Here we have not observed 
the local maximum above Tc as in the case of X=23. To observe this we need to probe 
at a temperature closer to T c (56 K). The exponent, n, increases abruptly when the system 
undergoes a transition from the RSG to the FM phase at 7 K. Then it starts to decrease up to 
20 K and beyond this again increases till 50 K. Further increase of temperature reduces the 
value of n and the system passes from the FM to the PM phase (Fig. 3.13). The variation of 
n is not well understood, specially the dip around 20 K. Interestingly, we have also observed 
around this temperature some striking features in the low-field magnetoresistance and a.c 
susceptibility measurements[l8]. These features have kept the field wide open for further 
work. We also observe that at higher temperatures (T>30 K, much higher than T ff ) M(t) 
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Figure 3.11: TRM, M(t) (lO^emu/a) Qc r • 

180 s for different temperatures, T. * 0 TT^T " ^ ^ ^ ** *” = 
So.id lines are the best fits of the data * Eq ( 3 “ “* ‘° 
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Time(10 3 s) 

Figure 3.12: TRM, M(t) (lO^emu/g), as a function of time in the RSG (X=26) for t w = 180 
s for different temperatures, 30, 40, 50, and 60 K, from top to bottom, respectively. Solid 
lines are the best fits of the data to Eq. (3.2). 
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Figure 3.13: Temperature variation of the exponent 

<To(emu/g), for t„ = 180 s in the RSGtt-2fil n “ ‘ he mitial “agwtization, 

(X- 26 )' D °“«l lines are just guides to the eye. 

data show better fits to the power law compared to the stretched 

For X=23, we observe similar behaviour for m ' ~ ex P°nent ia l (Eq. (3.2)). 


t>t 0 . 


3.1.3 Ferromagnet (X= 30) and antife rrom a g „et(X= 14 ) 

Figure 3.14 shows the variation of TRM with time at 5 K in ,h 
different w„ times (t w = 2 40, 1380. 1 98 0. 3780 s). We findll ” ^ ^ 

M(t) = M l + Mot -, 


(3.3) 
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Table 3.1: Best fitted parameters for the power law (Eq. (3.4)) fit for different wait, times at 5 
K for X=14. Solid lines in Fig. 3.15 are the best fitted curves. x 2 = ( 1 /n) data t - 

Fitted data.i) 2 / Raw data f. 


tw 

( 10 3 s) 

M 0 

( 10 -4 emu/g) 

7 

( 10 - 4 ) 

x 2 

( 10 - 7 ) 

0.18 

20.58 

44.0 

0.59 

1.32 

20.57 

43.5 

1.03 

1.98 

20.62 

41.6 

2.22 

3.78 

20.61 

38.2 

3.30 


gives the best fit of the experimental data (solid lines in the graph) and from the fits (x 2 ~ 
10 ~ 6 — 10~ 7 ) the values of M } , M 0 and 7 are found. It does not show much wait-time 
dependence, the values of Mi and M 0 remain almost constant (« 0.29 and 0.35 ± 0.01 
emu/g, respectively) while the exponent, 7 , decreases inversely with wait time (from 0.049 
to 0.036). With the increase of temperature the value of the initial magnetization reduces 
drastically (0.65 emu/g at 5 K to 0.094 emu/g at 80 K) and the exponent also becomes 
smaller (0.049 at 5 K to 0.00036 at 80 K). 

Figure 3.15 shows the time decay of TRM, M(t), for different wait times (t w = 180, 
1320, 1980, 3780 s) below T N =26 K (T m = 5 K) for the AF(X = 14) sample and the solid 
lines are the power law fits of the form 

M(t) = M 0 r\ (3.4) 

From these fits the values of M 0 and 7 are obtained (Table 3 . 1 ). M 0 (« 0.00206 emu/g) 
does not change with wait time whereas 7 decreases with the increase of wait time (0.0044 
to 0.0038). Figure 3.16 shows the time decay of TRM, M(t), at different temperatures for 
constant wait time (180 s) and the solid lines are the power law fits from which the value of 


3.1 Results and discussion 
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M(t) 



s fOT Cerent AF (X=14 > f ” *- = 18C 

Solid lines are the best fits of the data to th ^ ^ ^ ^ ^ t0 b ° tt0m ’ res Pectively. 

aata t0 the Power law (Eq. (3.4)). 
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Table 3.2: Best fitted parameters for the power law fit (Eq. (3.4)) at different temperatures 
for constant wait time (180 s) for X=14. Solid lines in Fig. 3.16 are the best fitted curves. 


T 

(K) 

M 0 

(10~ 4 emu/g) 

7 

(10- 3 ) 

x 2 

(10- 7 ) 

5 

20.5 

4.0 

0.59 

10 

18.2 

7.0 

0.63 

18 

16.3 

14.0 

3.39 

24 

14.9 

21.7 

3.90 

30 

1.2 

30.4 

34.0 


M 0 and 7 are found (Table 3.2). 

The value of M 0 decreases linearly with the increase of temperature up to T^ (0.0015 
emu/g at 24 K) and then suddenly falls to a much lower value (0.00012 emu/g at 30 K) as 
shown in Fig. 3.17. The exponent, 7, increases with temperature and the rate of increase 
changes somewhat when it passes to the PM phase (Fig. 3.17). In the case of the AF phase 
we need not add any constant term (unlike the FM phase) and the value of the exponent is 
an order of magnitude lower than that in the FM phase. We also observe that the stretched 
exponential function, Eq.(1.19), shows reasonably good fits to the TRM in the AF phase. 
The values of the best-fitted parameters and the x 2 are given in Tables 3.3 and 3.4. The 
value of the exponent, /?, is almost two orders of magnitude smaller than that in the SG 
phase (0.004 and 0.37, respectively). It increases monotonically (Table 3.4) with temperature 
(0.004 at 5 K to 0.029 at 30 K) in contrast to that in the SG phase where /3 decreases with 
the increase of temperature up to Tg (0.37 at 5 K to 0.1 at 12 K obtained from Fig. 3.3 
using j3 = 1-n). So, we find that the M(t) data for the AF fit well to both the power law 
(Eq. (3.4)) and the stretched exponential (Eq. (1.19)). We have given the values of x 2 
in Tables 3.1 - 3.4 for comparison. They are comparable for both the above mathematical 
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Figure 3 . 17 : Temperature variation of the exponent 7 and 

M 0 ( 10 ~ 3 emu/g), for t w = 180 s in the AF(X=U) n^, T,. ^ ma « ne tization, 

eye. 6 Ines are J ust guides t,o the 

forms. Hence it is difficult to describe the exact natum nf 

uie 01 tJhie decay of th ** tdu * 

phase. More experimental work is needed to arrive at ‘ W 

at a more definitive conclusion. 


3*2 Conclusions 

We have measured the TRM in Fe 80 _ x JVi x Cr 20 (14 < x < 30) 
magnetic phases within the same crystallographic phase and f all<>yS ^ ^ diff<5rent 

perature variations tried to establish a correspondent „ w , ^ ^ Wait time and tem ~ 

nce with the magnetic phase diagram. We 
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Table 3.3: Best fitted parameters for Eq. (1.19) for different wait times at 5 K for X=14. 


tw 

(10 3 s) 

Mo 

(10 -4 emu/g) 

13 

(io- 4 ) 

x 2 

(io- 7 ) 

0.18 

53.9 

43.8 

0.63 

1.32 

54.0 

43.6 

2.62 

1.98 

54.1 

43.4 

1.09 

3.78 

54.2 

39.7 

3.40 


Table 3.4: Best fitted parameters for Eq. (1.19) at different temperatures for constant wait 
time (180 s) for X=14. 


T 

(K) 

Mo 

(10 -4 emu/g) 

0 

(io- 3 ) 

x 2 

(io- 7 ) 

5 

53.9 

4.4 

0.63 

10 

47.1 

7.0 

0.71 

18 

40.0 

14.0 

2.50 

24 

35.0 

19.0 

79.0 

30 

2.4 

29.0 

27.0 





find distinct differences between the SG and the RSG phases with two different analytical 
forms for the time decay of the TRM. We also observe the presence of the FM ordering in 
the RSG below T g which is consistent with the GT model. We also report the remarkable 
observation of the local maximum of the TRM just above T c in the RSG (X=23) when it 
passes to the PM phase from the FM phase. This is found for the firs, time in any poly. 
crystalline RSG. However, it's exact theoretical justification is unclear. We also observe that 
the values of the exponents show anomaly near the phase transitions. We observe some 
different features in the samples X=23 and X=26, though they undergoes similar kinds of 
P .ase transitions. We find the conventional power law decay in the FM phase. The value 
of the magnetization is found to increase with the Ni concentration. In the AF phase the 
power law decay ,s indistinguishable from the stretched exponential as a description of the 

“ rr ™ rk is aeeded to - * * -* — “■ - - 
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Chapter 4 


Low-field Magnetoresistance 


In this chapter we present the low-field (< 30 gauss) magnetoresistance (LFMR) of 
the spin-glass(SG), ferromagnetic(FM) and the reentrant spin-glass (RSG) phases of fee 
Fe 80 -xNixCr 2 o (19 < X < 30) alloys. We find close resemblance between the temperature 
variation of the LFMR and the ac susceptibility in the RSG (X=26). Hysteresis effects in 
the LFMR have been found in the RSG for both increasing and decreasing temperatures. 
The presence of a dc biasing field at different temperatures alters the sign of the LFMR 
in the RSG at the lowest temperatures. This supports the idea of the existence of mixed 
FM and SG phases at the lowest temperature in the RSG. In the SG(X=19), the LFMR 
becomes negative while in the FM(X=30) it remains positive. These measurements of LFMR 
throw new light on our understanding of the various couplings between the moments in such 
magnetic systems. 


1 This chapter is mainly based on the published work by G. Sinha, R. D. Barnard, and A. K. Majumdar, 
Phys. Rev. B 55, 8982(1997). 
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4.1 Results 
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understand this it will be • etermine ,h '- sign of the LFMR. To 
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Figure 4.1: (a) Variation of MR with field which goes as if 2 with the origin as the static 
point, (b) Presence of a constant field (77 0 ) in the sample shifts the static point to A from 
the origin and the MR becomes asymmetric, (c) If there is an internal field present in the 
sample and an external field ±H X is applied then the static point will shift from the origin 
to B and C, respectively. If H x is large then the static point will shift from C to D. (d) d x 
and d 2 are the variation of the MR with field for the static points at C and D, respectively. 
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The most interesting feature of the LFMR of X=26 is that it shows two different curves 

” +4 ““ ' 4 g3USS Sq “ are - Wave fie,ds(F * T » °»tain these curves we have cooled 
* Sa “ Ple “ Un,d ' reCtlonal ^ate-wave pulsed fields of ±4 gauss and frequency 38 Ha. 
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e samp e. This is discussed later in this chapter. The internal field is also a function of 
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1] near the PM to FM transition. /o)|2 ’ 

The LFMR shows thermal hysteresis effects at , 
square-wave field (Fig 4 4) To see th , n «* » *4 gauss pulse 

4, K in zero field and Ja • ” «- to 

Then we increased the tem ^ ^ & ^ ^ PU ‘ Sed SqUare - WaVe “ ° f fluency 38 Hz. 

to 4.2 K (B— r C) ^ *° " K ^ B ° f F *' ^ -1 it down slowly 

K (B-h O and again increased the temperature up to 30 K (C-> D) Th , 

the operation (A-» B -4 p_>. ni ti, D). Through out 

v o -4 0-4 DJ the square-wave pulsed field of ma 
curve C-> D of Fig 4 4 t . ,, d f +4 S auss ™ on. So the 

g ' 4 4 15 essent ially the same as shown i„ Fig 4 3 f 

t0 30 K - With the increase of temperature it h *“ U ® fidd “P 

mperature it shows a negative LFMR » r « 

associated with the SG state, then a dip around 10 K fo,,„„ ed by . ^ " y 

“ beC ° meS P0Siti ™' ^-in g the temperature it start, h f ^ fi “" y 

the positive value to the lowest te b, furcating at 1 7 K but retains 

with thermal cycling It is to bp ’ 10WS a reversi ble behaviour 

- and not m the ^ ^ ^ ^ ^ - 

in 1/ ■ 9 ' 1 th this small applied field Tiv« a- 

10 K rs a new finding which we could not r™ ■ P “ U d ‘ P ar0und 

magneto-thermal-history effect in SG- h Ce ln our ^ceptibility measurements. The 

y ln bG s h as also been reDorted k, t> , 

To further investigate the Mer a " d Beck[3 f 

investigate the magnetic hysteresis efW 

mg puIsed field at 4.5 K (Fig 4 51 Tf WG measured the LFMR with vary- 

1 g ' 5) • U shows hysteresis and for smell fi u L r 

Ior smal] fields the LFMR is 



(10 Ap/p(0)) 


4.1 Results 


79 
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T (K) 

Figure 4.3: Temperature variation of the LFMR for X=26 measured in ±4 gauss pulsed 
square- wave fields. 




X= 26 





Figure 4.4. Temperature variation of the LFMR for X=26 for various thermal cycles, mea- 
sured in a +4 gauss pulsed square-wave field. Initially the temperature was increased from 
A to B, then it was decreased to C and then increased again to D. The arrows in the figure 
show the cycles. 
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negative. We think that the presence of small (negative) internal fields shifts the static point 
and makes the LFMR apparently negative, but the intrinsic MR always remains positive. 
Here the magnetic history effect is somewhat similar to the thermal history effect. After 
one cycle it followed a reversible path. Initially the LFMR is positive above B«10 gauss. 
On reducing the field the LFMR always remained positive and reduced to zero as the field 
was reduced to zero. Then for a negative field, it followed a reversible path. Hysteresis ef- 
fects were also observed in other RSG samples[l], where their appearance for smaller fields, 
followed by a reversible behaviour at higher fields, further complicated the situation. 

Figure 4.6 shows the variation of the LFMR at 4.5 K in the presence of different static 
fields on top of the variable pulsed field. In the presence of ±18.2 gauss static fields it 
shows a negative LFMR along with hysteresis effects. The curves are also not symmetric 
for the positive and negative applied fields. In the RSG phase, both FM and SG types 
of clusters are present and the LFMR is the combined effect of all these clusters. In zero 
static field the LFMR arising from the FM clusters predominates and makes the resultant 
LFMR positive(Fig. 4.5). But the application of a sufficiently high static field effectively 
locks the FM clusters and only the SG component can then follow the pulsed field which 
reveals itself as a negative MR. Hence the LFMR provides strong evidence for the presence 
of FM ordering down to the lowest temperature, a conclusion we had reached earlier from 
our magnetic relaxation and ac susceptibility measurements [4]. However, the reason behind 
the asymmetry in the curves for positive and negative pulsed fields and the exact nature of 
the different types of clusters present and their interactions seem to be quite complicated. 
One possible explanation is that the ±18.2 gauss static fields are insufficient to fully saturate 
the FM component but nevertheless are sufficient to block the rest of the positive LFMR. 
That there is still some hysteresis in the curves shown in Fig. 4.6 strongly suggests near, 
but not complete, saturation. 

We concluded earlier that the internal field was absent at around 25 K. Further mea- 
surements on X=26 at 25 K of the variation of the LFMR in zero and ±18.2 gauss biasing 
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Figure 4.6: Variation of the LFMR for X=26 at 4.5 K with the pulsed square- wave field in 
the presence of ±18.2 gauss static biasing field. The biasing field makes the LFMR negative. 
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Figure 4.7: Variation of the LFMR for X=26 at 25 K with the pulsed square-wave field in 
the presence of 0 and ±18.2 gauss static biasing fields. 
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Figure 4.9: Variation of the LFMR for X=26 at 63.5 K with the pulsed square-wave field in 
the presence of +9.1, 0, -9.1 and -18.2 gauss static biasing fields. 
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Figure 4.10: Variation of the LFMR for X=26 at 70 K with the pulsed square-wave field in 
the presence of 0 and ±18.2 gauss static biasing fields. 
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depend on their relative contributions. Here the LFMR for zero bias is somewhat, similar to 
that observed in (Feo.osNio $ 2 ) 77 SiioBxs RSG near Tc\ 21 - 

Figure 4.11 shows the variation of the LFMR for X=30 at 18 K ( Jr = 130 K). X= 30 
is a ferromagnet, and thus the LFMR is positive and symmetric for both the positive and 
negative pulsed fields. It also does not show any hysteresis effects for the small applied fields 
used. In the FM phase where long-range order exists, smaller fields do not show non-linear 
effects which give rise to hysteresis in magnetization and therefore in magnetoresistance. For 
small fields, the LFMR in X=30 show's reversible paths, unlike the SG phase, where at lower 
temperatures we have observed that the LFMR in X=26 follows irreversible paths for small 
fields. 

Figure 4.12 shows the temperature variation of the LFMR for the sample with X= 19, 
which is a SG. For small applied fields, the LFMR is very small and it is about the limit 
of our experimental resolution. We get rather scattered data, even after applying a pulsed 
field of 20 gauss. We can barely resolve a dip at the transition temperature. Nevertheless, 
we can definitely conclude that the LFMR in X= 19 remains negative both in the SG and 
the PM phase (up to 2 T g ). 

4.2 Discussion 


The LFMR results in the RSG (X— 26) presented in this chapter under very low-field 
conditions (< 30 gauss) show at 4.2 K, a negative LFMR, a characteristic of a SG. It has 
a negative dip around 10 K, then it increases and finally becomes positive. But the LFMR 
retains a positive value when the temperature is lowered with the field on. For the RSG 
(X=26) at 4.5 K and zero bias, the intrinsic LFMR is positive. If the lower temperature phase 
is a pure SG, then the LFMR should be negative. So the presence of FM clusters at the lower 
temperature is strongly suggested. Now, to see the SG-type of behaviour we have' to suppress 
or block the contributions coming from the FM clusters. Application of a biasing field locks 
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the FM clusters allowing the SG component, which is less affected by dc fields, to be revealed. 
This results in a negative LFMR. We measured the non-linear ac-susceptibility, which shows 
a peak around T g [ 7]. This peak can only be observed if a spontaneous magnetization is 
present. Moreover, the presence of small internal fields, causing a shift of the static point 
in the LFMR curve at the lower temperature, supports the above proposition in the RSG. 
Thus the lower temperature phase of the sample with X=26 consists of both SG and FM 
type of orderings. In this phase small FM clusters are embedded in a matrix of frustrated 
SG-like spins. We define this phase as the RSG which is distinctly different from the SG. 

At temperatures above T g , the LFMR becomes positive for both nonzero and zero 
biasing fields, indicating a pure FM phase. However, at higher temperatures, close to the 
critical temperature Tc, we observed a tendency towards a negative LFMR for higher fields. 
In the presence of biasing fields, the LFMR can have both positive and negative values. We 
know that the positive LFMR arises out of the FM clusters, and the negative contribution 
comes from either the SG or the PM type of orderings. If the FM ordering coexists with the 
PM (SG) type of random spins, then the resultant LFMR can be of either sign, determined 
by the relative contributions of the different spin orderings. Normally for smaller fields, 
the contribution from the FM component dominates, but at higher fields or in the presence 
of biasing fields, the FM part is locked, and then the negative contribution becomes more 
prominent. We observed similar behaviour around Tc in the RSG (X=26). So, near the 
critical point, both above and below, when the sample (X=26) passes from the PM to the 
FM phase with the lowering of temperature, it passes through an intermediate phase where 
FM clusters coexist with PM (SG) spins. It is a new kind of phase which exists for a very 
narrow temperature interval prior to the onset of the FM phase. A similar kind of phase was 
also predicted earlier near Tc in FeNiMn RSG[1]. At 78 K (T > Tc), the LFMR becomes 
negative, indicative of a PM (SG) phase. So from the present LFMR measurements, we 
propose a new phase of FeNiCr alloys which exists for a very narrow temperature interval 
near T c . This kind of phase is possible where there are very strong competing interactions in a 
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magnetic system. The final nature of the phase depends upon the more dominant interaction. 
If the strengths of the interactions are comparable, then this kind of mixed phase may be 
possible. However, we could not trace this kind of phase from our earlier de and ac magnetic 
measurements. So from these LFMR measurements, we conclude that the sample with X=26 
passes through diverse magnetic phases like, PM -4 ( PM{SG ) + FA/) -4 b M -4 RSG(= 
FM + SG) with the lowering of temperature. 

4.3 Conclusion 

We have measured the LFMR in different magnetic phases of Fr K0 T Ni x Cr- 2 o alloys. 
We observe that the LFMR is negative in the SG(X=19) and the PM phases and positive 
in the FM (X=30) phase. In the RSG (X=26), at the lowest temperature (4.5 K), the 
intrinsic LFMR is positive for zero biasing field, but the presence of a 18.2 gauss static 
biasing field makes the LFMR negative, a feature generally associated with the SG state. 
This suggests that the lowest temperature phase of the RSG has mixed FM and SG-type of 
orderings. We believe that small FM clusters are embedded in a matrix of frustrated spins 
of the SG. We observe hysteresis effects in the LFMR for small applied fields at the lowest 
temperature for the RSG sample. But such small fields do not produce any hysteresis effect 
in the FM phase(X=30). We find that the LFMR becomes negative around 7} • for a +4 
gauss pulsed field in the RSG. From the LFMR. measurements, we conclude that when the 
RSG sample(X=26) goes from the PM to the FM phase with lowering temperature, it passes 
through an intermediate phase. Here the PM(SG) phase coexists with the FM phase for a 
very narrow temperature interval. So with the reduction of temperature, the RSG sample 
passes through various magnetic phases like, PM -4 (PM(SG) + FM) -4 FM -4 RSG{- 

FM + SG). We also find a close resemblance between the temperature variation of the 
LFMR and the ac susceptibility in the RSG(X=26). 
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Chapter 5 


Low-field ac susceptibility 


In this chapter we present the low-field ac susceptibility and its dc field dependence 
in four different magnetic phases of Feso-xNixCr2o(14 < X < 30) alloys within the same 
crystallographic phase. In the spin-glass (SG) phase(X=19) the transition temperature (T ff ) 
varies with frequency {y) and follows Fulcher’s law of the form v = vq exp[— k ^l To ) ] while 
the non-linear susceptibility^) shows a peak at T g . In the reentrant spin glasses(RSG) 
(X=26 and 23), double transitions are clearly seen from the imaginary part of the linear 
susceptibility (x'o). The peak near the upper transition vanishes in the presence of a small 
dc biasing field. We compare the lower transition of the RSG with that of an SG and the 
upper one with that of a ferromagnet(FM). Critical exponents, 7 , (3, and 5 are obtained from 
Xo and its dc field dependence in the RSG(X=26). They follow the scaling law obtained 
from the mean-field theory(MFT) although the values of the exponents are not in agreement 
with it. The non-linear susceptibility (xi) shows a peak near T g in both the RSG’s which 
is indicative of a long-range order. This is never observed in a pure SG, including X=19. 
The value of the critical exponent 7 increases with the increase in Ni concentration (X=23 

1 This chapter is mainly based on the published work by G. Sinha and A. K. Majumdar, J. Magn. Magn. 
Mater 185, 18(1998). 
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Figure 5.1: Temperature variation of the real part of the linear susceptibility (xo) of the 
SG(X=19) for different frequencies {u). v = 37, 242, 484, and 726 Hz from top to bottom, 
respectively. Curves are arbitrarily displaced on the vertical axis for clarity. The inset shows 
the variation of the inverse of T 9 with In v. The two indistinguishable solid lines are the best 
fits to the Fulcher law for Tn = 18.3 and 18.5 K, respectively. 
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Figure 5.2: Temperature variation of the imaginary part of the linear susceptibility (xo) 
of the SG(X=19) for different frequencies (v). v = 726, 484, 242, and 37 Hz from top to 
bottom, respectively. Curves are arbitrarily displaced on the vertical axis for clarity. 
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Figure 5.3: Temperature variation of the real part of the linear susceptibility (xo) °f the 
SG(X=19) for different dc biasing fields (H). H = 0, 30, and 80 Oe from top to bottom, 
respectively. The inset shows the variation of the maximum value of x'o (x'o,max) an< ^ 
temperature at which maximum occurs ( T g ) with dc biasing field, H. 



Xo (arb. 


* h 



20 

T(K) 

>■4- Temperature variation nf • 

x=19) for dc biasing T ° f the 

ich CD , ^0 Wltxl reSDfW 4 



5.1 Results and discussion 


105 


characteristic relaxation time. This relaxation time depends upon the height of the potential 
barrier which is proportional to the external dc field. Application of a dc field parallel to the 
ac field increases the relaxation time. Hence those clusters having relaxation times greater 
than the time constant of the exciting ac field cease to contribute to the ac susceptibility, 
thus causing its reduction. 

Studies of non-linear susceptibilities lead to a better understanding of phase transitions. 

Several theoretical models[10, 11] predict that the non-linear susceptibility, % 2 = d 3 m/dh 3 , 

* 

should diverge at T g for an SG. In fact, this is one of the ways of accurately measuring T g . 
If there is no spontaneous magnetization, as in case of a SG, the non-linear susceptibility, 
\i = d 2 m/dh 2 , should not be present (Eq. (1.25)). Hence measurements of xi and X 2 will 
provide important information about the nature of the phase transition and the magnetic 
state. The temperature variations of Xi and X 2 are measured in an ac field of 0.6 Oe at 
a fundamental frequency of 242 Hz(u;/27r). xi and X 2 are detected at frequencies 484 Hz 
(2w/27r) and 726 Hz (3u/2i r), respectively (Fig. 5.5). Here we present the total susceptibility, 
the real and imaginary parts are not shown separately. X 2 shows a very distinct peak at T g 
(19.3 I<) whereas Xi shows only diffuse background signals. The peak in X 2 and the absence 
of xi imply an SG transition and the absence of any spontaneous magnetization at lower 
temperatures. Earlier we had measured the time-dependent magnetization in the SG (X=19) 
which revealed a stretched exponential relaxation[12]. Hence the sample with X=19 shows 
all the features of an SG, viz., slow relaxation, frequency and field-dependent susceptibility, 
and peak in the odd harmonics of the susceptibility. 

5.1.2 Reentrant spin glass (X= 26 and 23) 

The samples with X=26 and 23 show sequential magnetic phase transitions, PM FM 
RSG with decreasing temperature. Such sequential phase transitions are clearly seen from 
the ac susceptibility measurements (Fig. 5.6 for X=26) at a frequency of 242 Hz and 0.6 Oe 
ac field. As we reduce the temperature, the ac susceptibility increases very sharply around 
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70 K indicating a PM — )■ FM phase transition. However, it is difficult to determine the exact 
value of T c from this curve. For this purpose as well as to understand the nature of the 
phase transition we derive the critical exponent ( 7 ) using the Kouvel-Fisher(KF) analytical 
met hod [13]. KF plots have several advantages; the most important one is that Tc and 7 can 
be detei mined simultaneously without any prior knowledge of Tc- Since the value of 7 is 
extiemelv sensitive to the choice of Tq, its exact determination is very important. According 
to KF, the zero-field ac susceptibility(xo) near T c varies as 

= (5.2) 

In P ig. 0.6 we have also plotted Y vs T. The inverse slope and the intercept on the T- axis 
give 7 = 0.90 ± 0.02 and T c = (68.89 ± 0.04) K. 

We also know that the temperature variation of the zero field susceptibility (xo) just 
above 1\ ■ can be expressed by a power law, xo °c (^p 2 ) -7 - By using the above value of T c 
and plotting logxo vs log(^c) (inset of Fig. 5.6) we get the value of 7 as 0.94, which is 
quite close to its value obtained from the KF method. Using Tc — 68.89 K and plotting(not 
shown) log\'o vs Iog( ^~J c ) from a second set of Xo (T) data at 726 Hz in a 1.5 Oe field, 
we get a value of 7 = 0.91. Hence we find that in our limited frequency and ac field ranges, 
7 does not vary significantly and is quite close to the mean-field value of 1. However, in 
typical Phi to FM transitions, 7 is found to be greater than 1 and close to the 3 D-Heisenberg 
prediction of 1.38. In Table 5.1 we present the values of 7 predicted by different theories 
and observed experimentally in some FM’s and RSG’s. 

On lowering the temperature below T c (Fig. 5.6), xo follows a weakly temperature- 
dependent plateau in the FM regime and then it decreases very sharply around T g . This 
brings the system into a new' phase known as the RSG, where FM and SG-like orderings 
coexist. The value of xo approaches a temperature-independent non-zero value as T 0. 
The imaginary part of the susceptibility (x' 0 ') characterizes the dynamics of a magnetic system 
and should show anomaly near magnetic phase transitions. We observe very distinct peaks 
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7 = 0.94 


Figure 5.6: Temperature dependence of the linear susceptibility, xo, and Y = [JL(l n »)]-i 
of the RSG (X=26) measured at h 0 = 0.6 Oe and at 242 Hz. The straight line is the best fit 
of the data to Eq. (5.2). The inverse slope and its intercept on the temperature axis, give 7 
and Tc, respectively. The inset shows the double logarithmic plot of Xo versus the reduced 
temperature, above T c . The slope of the straight line again gives 7 . 
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in \” {H dc = 0) at T c and T g indicating PM to FM and FM to RSG transitions, respectively 
(Hg. o.i). The value of xd start falling very sharply around 68.5 K which coincides with 
the 1c obtained from the KF plot. In the PM regime (T > Tc), the absorptive part 
\o approaches zero with increasing temperature. We observed a similar behaviour in the 
SG(X— 19). We find a small hump below Tc around 61.5 K but its origin is not clear. On 
fuithei decreasing the temperature xd shows a very sharp peak at 16.68 K indicating an 
FM to RSG transition. At the lowest temperature xd approaches a small non-zero value in 
contrast to the case of the SG(X=19) where xd approaches a value which is ~ 50% of its 
peak value. 

\d i- s very sensitive to the external dc field. With the application of a small dc field 
of 20 Oe, a dramatic change is observed (Fig. 5.7). The peak near Tc vanishes. However, 
a dip is observed at 58.2 K. This dip occurs around the temperature where w r e observe a 
hump irr Xu without any dc field. Around T g , the peak value of xd reduces and the peak 
shifts towards higher temperatures (16.72 K for 20 Oe field), whereas in the SG (X=19) we 
observe a shift towards lower temperatures with fields(Fig. 5.4). On further increase of the 
dc field (40 Oe) the sharpness and the amplitude of the peak at 16.94 K reduce. At higher 
temperatures (T > 25 K) Xo approaches a small value which is independent of temperature. 
The low-temperature peak, at 17.35 K, becomes more rounded and reduced with further 
increase of t he dc field till 65 Oe. Thus we observe in the RSG (X=26) that the external dc 
field reduces the peak value of xd near T <? and shifts it: to ward s higher temperatures. The 
variat ions of the peak amplitude and the peak temperature (defined as T g ) with dc field are 
shown in Fig. 5.8. In contrast, for the SG (X=19) Xo shows rather broad maxima instead 
of peaks, which move towards lower temperature with the application of dc fields(Fig. 5.4). 

It should be mentioned here that from our earlier dc measurements (50 Oe field) we 
found T c and T g as 56 and 7 K, respectively [7]. So there is a marked difference between 
the transition temperatures obtained from low-field ac and comparatively high-field dc mea- 
surements. However, the low-field ac susceptibility method is, in principle, a more reliable 
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one for getting transition temperatures. When we superpose external dc fields on the small 
ac field, we observe that x'o shows an anomaly near 58 K which is somewhat c loser to the 
earlier findings of Tc at 56 K. To the best of our knowledge this is the first report where 
such interesting features in x'o around Tc are observed. 

Figure 5.9 depicts the temperature variation of the linear susceptibility {\o) In external 
dc fields and measured at 242 Hz and 0.6 Oe ac field. The zero dc field susceptibility 
show's a principal maximum near Tc, knowm as Hopkinson peak[14]. In many FM systems, 
static biasing fields suppress the amplitude of Hopkinson maxima which shift towards lower 
temperatures and also give rise to secondary peaks at higher temperatures. This is exactly 
what we find in Fig. 5.9. The usual static scaling law's, x(/i,f) = j^nr) = h ] " * O(-ppct), 
w'here h oc and t = predict such peaks at higher temperatures with a field- 

dependent amplitude[14]. The variation of xo can be expressed as a power law' in H 

Xo(H,T m ) oc (5.3) 

w'here T m is the temperature where the secondary peak occurs. We have also made additional 
measurements for different dc biasing fields around T c which are not shown in Fig. 5 . 9 . From 
these measurements and Fig. 5.9 we find the height of the secondary peaks (xo(H.T m )) for 
different fields. By plotting log xo{H,T m ) vs log H we get the value of 8 as 4.7 ± 0.4 (Fig. 
5.10) w'hich is greater than the value predicted by the mean-field theory (<*> 3) and those 

found experimentally[15, 14], 

The other critical exponent /? can also be derived from a prior knowledge of 7 and using 
the power law, t m = a 21 ]. We can rewrite this as 

T m = KiH n + Tc , (5.4) 

where K x is a constant and n = (7 + /3)" 1 . By varying the power of H, i.e., n, we find 
that for n = 0.83 the above equation gives an excellent straight line. In Fig. 5.10 we plot 
T m us 0 83 and from the best fit (y 2 = 1.37 x 10 ~ 7 ) the coefficient of H n and T c are obtained 
as (0.245 ± 0 . 001 ) and (64.94 ± 0 . 01 ) K, respectively. Using the value of 7 as 0.92 (average 
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Figure 5.9: Temperature variation of the linear susceptibility (xo) for different dc biasing 
fields (H) of the RSG(X=26) measured at h 0 = 0.6 Oe and at 242 Hz. H = 0, 20, 40, and 65 
Oe from top to bottom, respectively. Xo shows a secondary peak around T c in the presence 

of H. 
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I able 5.1: \ allies of the critical exponents obtained from theories and experiments in some 

FM's and RSG's. 


Theory/ Material 

0 

7 

<5 

Reference 

Mean field theory 

1/2 

1 

3 

D. J. Amit[16] 

Ising model (d=2) 

1/8 

7/4 

- 

>> 

Ising model (d=3) 

0.31 

1.25 

- 

>} 

Heisenberg model (d=3) 

0.36 

1.38 

4.8 


{Pdm.GfiF to .34)95*1^^5 

- 

1.8 ±0.2 

- 

Sato et al.[17] 

Av^Fpih 

- 

1.33 ±0.05 

- 

Bitoh et al.[18] 

( F(l 99 (,r, F(-[) an) 95-I/ 715 

0.53 ± 0.08 

1.64 ±0.07 

4.1 ±0.1 

Kunkel et al.[21] 

Fd tuwu Fr 0 .o i f, M no.055 

0.464 

1.4 

- 

Sato et aJ. [19] 

Aii^Fc^ 

0.46 ±0.03 

1.13 ±0.06 

4.0 ±0.1 

Gangopadhyay et al.[20] 


0.39 ±0.02 

1.63 ±0.05 

5.3 ±0.1 

Nicolaides et al. [22] 

X--23 

- 

0.72 

- 

Present work 

X=26 

0.28 

0.92 ±0.02 

4.7 ±0.4 

Present work 

X=30 

- 

1.06 ±0.01 

- 

Present work 
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value), 0 comes out to be 0.28 which is less than the mean-field predict ion (;? =0.5). Here 
we get a value of Tc (64.94 K) which is less than the measured Tc (68.89 K). The reason 
for this discrepancy is not clear. The maximum of the zero dc-field susceptibility occurs at 
a temperature which is less than Tc and we have used the position of this maximum in the 
above calculation. This may be one of the reasons for the discrepancy. From t he scaling law 
we know' that the critical exponents, 5, 0, and 7 are related by the equation 0 = 0(6 — 1). If 
we use the values of 0 and 7 as 0.28 and 0.92, respectively, then 6 comes out to be 4.3 ± 0.2 
instead of 4.7 ± 0.4 (Fig. 5 . 10 ). So the scaling laws of the mean-field theory are valid wit hin 
the limits of our experimental error. However, the individual value of the exponents are at 
variance with the theoretical prediction (0 = 0.5,7 = 1.0,6 = 3.0). Similar results were also 
found by Kunkel et al.[ 21 ] and Nicolaides et al.[22] [Table 5.1]. 

We have not seen any well-defined structure in xo near T g for various do biasing fields. 
However, y 0 shows a very sharp fall around T g and its(xo) value is suppressed in the presence 
of biasing fields. We tried to compare(Fig. 5.9) the shift of the sharp fall of \ 0 with 
temperature in the presence of different biasing fields with theoretical models. If we assume 
that the temperature where xo starts falling very sharply is the possible location of the GT 
(or AT) phase boundary, then we find r = = C h lM , where h = - h ; ^ 8 ro) a,1(1 

C = 0.043. So we find that r varies with H faster than expected from the AT line(2/3) and 
slow-er than expected from the GT line(2) and the prefactor is also less than the predicted 
values (C= (f ) 1 / 3 and 0.23(m=3) for AT and GT lines, respectively). 

To summarize, for the RSG(X=26) the linear ac susceptibility and its de field depen- 
dence give T c and the critical exponents for the PM to FM transition. The values of the 
exponents are different from those of typical FM’s. However, they are related through the 
scaling relation. We also observe SG-like behaviour at lower temperatures. Now the impor- 
tant question arises - is there any difference between the SG and the RSG ? We claim that 

the FM ordering persists in the RSG down to the lowest temperature. To what extent is 
this true? 
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To answer such subtle and debatable questions we need to probe into the non-linear 
susceptibilities. If FM ordering exists in the RSG then it must be reflected in the non-linear 
susceptibility Xi {d m/dh ). In fact, we indeed observe a broad but distinct peak around T g 
in \i along with a very sharp peak at Tc (Fig. 5.11). The peak near T g arises because of the 
bi caking of time reversal symmetry of m (spontaneous magnetization) with respect to the 
applied field. This peak indicates FM ordering and is never observed in any SG including 
X=19. We believe that the occurrence of this peak near T g is an intrinsic feature of the 
RSG and can be regarded as one of the criteria for identifying the RSG phase. Several 
ot her investigators also found the existence of FM ordering down to the lowest temperature 
in NiMn. (XiFe) 25AU75, and AuFe[23]. Senoussi et al. [24] observed the existence of a well- 
defined macroscopic domain structure well below T g in Ni 8l Mn 19 . They also observed similar 
domain structure and the associated magnetic properties in the FM and the RSG phases. 
However, a faster time response of these domains was found in the FM while in the RSG 
it was considerably slower. On the other hand Aeppli et al.[25] found no evidence for the 
coexistence of FM order with freezing of the transverse spin components, as predicted by 
the GT model, in the EuSrS and FeMnPBAl systems from neutron scattering studies. 

The effect of a dc biasing field on Xi also shows interesting features. Application of 
a small dc field (5 Oe) increases the value of xi significantly (Fig. 5.11) compared to the 
zero de-field value and show's double transitions. The peak near Tc shifts towards lower 
temperatures, its magnitude reduces and it becomes rounded with the increase of dc field 
from 5 t o 20 Oe, whereas the amplitude of the peak near T g increases and it broadens with 
field. In Eq. (1.24), instead of putting h = h 0 cosut, if we use h = H + h 0 cosut, then the 
non-linear susceptibility can be written as 

Xi^o = Xih + 3x2#^o + X3(6JT 2 + h 2 0 )h 0 + .... , (5.5) 

instead of Eq. (2.2). Hence, in the presence of an external dc field(if), higher order terms 
also contribute to x\- This may be one of the reasons for the above enhancement. 
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Figure 5.12: Double logarithmic plot of the non-linear susceptibility, |% 2 j, versus the reduced 
temperature, below T g for X= 26. The slope of the straight line gives y n = 2.62±0.03. 

In the ease of PM to SG transition it was predicted that %2 should follow a power law’’ 
behaviour near T g and the value of the exponent j n could have a wide variation(l - 3.6) 
depending on the system and temperature[10, 5, 26]. In the case of RSG, the system goes 
from the FM to the SG phase with the reduction of temperature. Hence in our case w r e fit 
X2 to (^^)" 7n instead of [Fig- 5.12] for temperature less than T g as in the FM 

region the power law is not valid. We get y n = 2.62 ± 0.03 which is, however, less than those 
observed by others[5, 21]. We also find that y n does not vary with the biasing field up to 20 
Oe. 

The sample with X=23 is also known to be an RSG [7]. It undergoes similar kinds of 
phase transitions as those of sample X=26. We have plotted the temperature variation of 
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the real ( X ')[Fig. 5.13] and imaginary ( X ' 0 ')[Fig. 5.14] parts of the linear susceptibility and 
their dc field dependence measured at 37 Hz and 0.6 Oe ac field. The variation of Xo does 
not show any double transition. Here the two transition temperatures, Tc and are not 
substantially separated. Hence, the intervening weakly temperature-dependent plateau is 
not seen here, unlike the other RSG sample with X=26. X q shows a broad maximum around 
28 K. However, the double transition is quite clear from the temperature variation of x'o 
(Fig. 5.14). It shows a very sharp peak at T g (23.5 K) indicating an RSG to FM transition. 
On further increase of temperature it shows a broad peak at 35 K, where the system enters 
the PM phase. In the case of the sample X=26, the fall in x'o near T c is very sharp, unlike 
in X=23. For example, an increase of temperature by 3 K near Tc changes \o by 55% for 
X=26 and by only 7% for X=23. This may be an indication that the upper transition is 
a gradual one in comparison with X=26. We plot logxo against log(£j~b), with 7}*= 35 K 
for calculating j from the slope (inset of Fig. 5.13, curve a) which changes gradually with 
temperature. So, instead of calculating some average 7 we plot 7 vs the reduced temperature 
(inset of Fig. 5.13, curve b). The value of 7 becomes unusually small (0.15) very near Tc and 
then it starts increasing slowly with the increase of temperature and ultimately saturates at 
a value of 0.72. The value of 7 is considerably smaller compared to that of other FM’s and 
the sample with X=26. 

The value of X q reduces and the maximum broadens with the increase of the dc biasing 
field(Fig. 5.13). Only at 50 Oe dc field x'o does show' a second maximum at a higher 
temperature (36 K). In the case of X=26 we observed the second maximum for an external 
dc field as small as 20 Oe. The position of the principal maximum shows a shift towards 
lower temperatures with the increase in the dc field, similar to that observed in X=26. 

The dc field dependence of x'o of X= 23 shows some striking features (Fig. 5.14). We 
observe that at lower temperatures xg approaches a small value which is independent of 
the external dc field (upto 50 Oe). It shows near T g distinct peaks whose amplitude and 
sharpness reduce with the dc field. The position of the peak in x!o near T g shifts to lower 
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Figure 5.13: Temperature variation of the real part of the linear susceptibility (x' 0 ) of the 
RSG(X=23) for different dc biasing fields(H) measured at h 0 = 0.6 Oe and at 242 Hz. H = 0, 
12, 20, and 50 Oe from top to bottom, respectively The inset shows the double logarithmic 
plots of Xo and the critical exponent, 7 , vs the reduced temperature, T ^ c ( Tc — 35 K), for 
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temperatures by a considerable amount (23.6, 22.1, 20.7, and 18.7 K for 0, 12, 20, and 50 
Or. respectively). In contrast, we observed (Fig. 5.4) small shifts of the peak in x " towards 
lower t emperatu res in the SG (X=19) in the presence of dc fields, whereas the other RSG 
(X= 26) showed an opposite shift(Fig. 5.7). 

< ha\( stated earlier that the non-linear susceptibility ( X i) should show' an anomaly 
near 7 s if a spontaneous magnetization persists below T s . We observe (inset of Fig. 5.15a, 
loi X— 23) <\ peak in X i at T g (23.6 K) which clearly indicates the presence of a spontaneous 
magnetization at lower temperatures. We believe that this peak in Xi is a definitive signature 
of an RSG which distinguishes it from an SG. Here the peak is sharper than that of X= 
23(1' ig. o.l 1). increases with the increase of temperature above T g showing a broad 
maximum and then it starts falling slowly above 39 K, which is higher than its Tc- We also 
did not observe any sharp peak in X o near its Tc of 35 K (Fig. 5.14). Normally, it is expected 
that ii a system goes from an FM to a PM state with the increase of temperature, then its 
magnetization (m) also reduces with temperature. But from our magnetic relaxation data[12] 
\vc observed that in reduces with temperature up to Tc, then around 38 I< it suddenly 
increases to a higher value for the sample with X=23. We tried to explain this unusual 
behaviour in terms of the presence of a strong anisotropy. However, this is not observed in 
the ease of the other RSG sample, X=26. The amplitude of X i increases dramatically by 
an order of magnitude with the application of a dc field as small as 3 Oe (Fig. 5.15 and its 
inset a). Here \ : shows a broad peak instead of a double peak as in the zero dc-field case. 
Application of external dc fields broadens both the peaks near T g and T c , which are not 
widely separated. They might overlap and produce a single broad peak. To demonstrate 
this we break up the peak in X i for H = 3 0e dc field into tw0 P eaks ( a and P) in inset b 
of Fig. 5.15. However, the shape and position of the individual curves are not unique. For 
sample X=26, the transition temperatures are far apart, so although the peaks are broadened 
in the presence of dc fields, we could still observe two distinct peaks(Fig. 5.11). The above 
decomposition holds for H = 6 and 12 Oe as well. With further increase of the dc field, Xi 
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figure 5.15: Temperature variation of the non-linear su 
X=23) for different external dc biasing fields(H). H = 3 
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reduces and at lower temperatures it approaches a very small value independent of the field 
and temperature. Similar observations are made for X=26. 

\\< ha\( measured X '2 which shows a negative dip around T g as observed in the case of 
' V ^ — ^ ave ^-ted the dip in X 2 with the power law. From the slope of the log-log plot 
of \f 2 and l 1 ^-) [Fig. 5.16] we find the exponent 7 n = 2.31 ± 0.03 which is slightly less 

than that observed for X=26. 

We find several differences between the behaviour of the samples X=23 and X=26, 
though they undergo similar kinds of phase transitions. We observe for sample X=23 that 
the imaginary part of the linear susceptibility (xo) shows broad peaks at temperatures 
higher than Tc which is not the case for X=26. For sample X=23, the transition near 
T ;) is sharp and somewhat similar to that of the SG (X=19) rather than that of the other 
RSG (X- 26) whereas the transition around Tc is not very sharp for X=23. Nevertheless, 
both the RSG samples (X=23 and 26) show some features which are distinctly different from 
the SG (X=19). For the sample X=26, the transition near Tc is quite sharp and the features 
are closer to typical FM’s. The value of the critical exponent 7 increases with the increase of 
Xi concentration. So a gradual change over from an SG (X=19) to an RSG (X=23 and 26) 
phase is observed in this alloy system within the same crystallographic phase by increasing 
Xi concentration from 19 to 26. 

5.1.3 Ferromagnet (X=30) and Antiferromagnet (X=14) 

In the preceding sections we presented a detailed study of the properties of the SG 
(X=19) and the RSG (X=26 and 23) phases. In this section we present the magnetic 
properties of the FM (X=30)[7] and compare them with those of the high temperature 
transition of the RSG’s. Figure 5.17 depicts the temperature variation of the real (x' 0 ) and 
imaginary (*g) parts of the linear susceptibility of the FM(X=30). At lower temperatures Xo 
remains almost a constant and around 125 K it starts decreasing sharply with the increase of 
temperature, indicating a phase transition (FM to PM). We plot Y = [ 57 (In Xo )] against 
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Figure 5.16: Double logarithmic plot of the non-linear susceptibility, |x' 2 |, versus the reduced 
temperature, , below T g for X= 23. The slope of the straight line gives 7„ = 2.31 ± 0.03. 
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1 (Fig. 5.17) whose inverse slope gives 7 = 1.10 ± 0.01 and the point of intersection on the 
t( mpuaturc axis, Tc — (126.7 ± 0 . 2 ) K. The value of Tc is substantially smaller than that 
found ( arli( 1 from dc magnetization[7]. Xo shows a small peak and then it starts decreasing 
\en sharph around Tc with the increase of temperature. It approaches zero as the system 
enters the PM phase. We also observe that the ratio of x'o to Xo is ~ 30 in this FM. It 
iedm.es to ~ 2 o in the RSG and to ss 22 in the SG. It means that the relative value of the 
absoi ptive component (xo) increases with the increase of randomness as the system goes from 
tin' ordered FM phase to the disordered SG phase with the reduction in Ni concentration 
(X) from 30 to 19. 

lo cross check the value of 7 we use the other method which requires a prior knowdedge 
of l r . We plot log xo against Iog( - - j,J c ) (inset of Fig. 5.17) and using the formula, xo °c 
( , f' L ) , we get 7 = 1.06 ± 0.01. Thus, the values of 7 obtained from the two different 

methods are in good agreement. The mean-field theory predicts the value of 7 as 1 whereas 
in the 3D Heisenberg model it is 1.38. Most of the real systems are 3 D in nature and the 
values of 7 obtained in pure FM’s Ni[13] and Fe[27] are 1.35 and 1.33, respectively. However, 
the value of 7 can vary widely in different ferromagnetic systems[28]. We observe that in the 
present alloy system the value of 7 increases with the increase in Ni concentration (X) (0.72, 
0.92 and 1.1 for X— 23, 26 and 30, respectively) as the system goes towards the FM phase. 
We have measured the temperature variation of 7 and found that it does not vary much in 
the case of the FM, X= 30(inset of Fig. 5.18), while in the RSG (X=26, inset of Fig. 5.18 
and X— ■ 23. curve b of the inset of Fig. 5.13) it shows wide variations. 

We have seen that with the increase in Ni concentration the system moves towards 
ferromagnetic order. On the other hand, for low Ni concentration (X=14) it shows an 
antiferromagnetic behaviour. Figure 5.18 depicts the temperature variation of the linear 
susceptibility (xo) of the sample X=14 (AF), measured at 0.6 Oe and at 726 Hz. It shows 
a peak at 30 K which indicates a possible AF to PM transition. Earlier, T N was found to 
be (26 ± 1 ) K from dc magnetization data(dc field = 1 kOe) and (30 ± 10 ) K from neutron 
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Figure 5.17: Temperature dependence of tha r 
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diffraction measurements]?]. So we find discrepancies in the value of T N obtained from differ- 
ent hk asun nn nts for the AF (X=14). This kind of discrepancy was also reported by a large 
numlx i of in\< stigators in different AF’s[29]. It is believed that in an AF the susceptibility 
shows a maximum a little above T„[30]. The positions of the peak in susceptibility and 
specific heat are reported to differ by as much as 10 K in some AF’s[31, 32]. For a 20 Oe dc 
biasing field. \ shows a peak at a higher temperature of 31 K (Fig. 5.18). The mean-field 
theon pi edicts a decrease in T^(H) with increasing H[ 33 ]. On the other hand, Kosterlitz et 
al.[34] theoretically predicted that T^{H) first increases with H, passes through a maximum 
at some value of H, and then it decreases when H is increased still further. Oguchi and Blume 
had shown that increases in a uniform magnetic field of appropriate magnitude when 

the spin entropy at T N is large[35]. 

5.2 Conclusion 

We have measured the low-field ac susceptibility in four different magnetic phases of 
o - Fr w „j .Y / x CY 2 o(14 < x < 30) alloys. In the SG (X=19), T g varies with measuring 
frequency obeying a Fulcher law of the form u = u 0 exp[— External dc biasing fields 

shift 7), towards lower temperatures and reduce the susceptibility. The variation of T g can 
be understood in terms of a non-mean-field theory[5] and the decrease of susceptibility can 
be explained in the framework of Neel’s superparamagnetic model. Both of above features 
could also be explained in terms of a mean-field theory [ 6 ]. A very distinct peak in \2 and the 
absence of \ , in the SG are consistent with theoretical predictions. The values of the critical 
exponent 7 near Tc, obtained by two different methods, in the RSG (X=26) are closer to the 
mean-field prediction while the other two exponents /? and 5 are at variance. However, they 
satisfy the static scaling law within the experimental error, x'o in the RSG shows a double 
transition with two distinct peaks at Tc and T g . A dc biasing field shifts T g towards higher 
temperatures in the RSG(X=26) in contrast to the opposite shift in the SG (X 19). As 
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T -> 0. Xo approaches a very small non-zero value in the RSG while in the SG it approaches 
a \ ahu v hie h is ~ 30% of its peak value. The non-linear susceptibility, Xi, shows a peak near 
l u in both the RSG s (X=26 and 23) indicative of a long-range order. This has never been 
observed in any SG including X=19. This distinguishes the RSG from the SG. However, 
we observed some different features in the two samples X=23 and 26 although they undergo 
similar kinds of phase transitions. We find that the transition near T g for X=23 is sharper 
than that near Tq. But the reverse is observed for X=26, whose composition is somewhat 
closer to the h M (X=30). We also find that the value of the critical exponent 7 increases 
with the increase of Ni concentration, X, from 23 to 30 as the system moves towards the 
h M phase. In the AF (X=14), around T/v, xo shows a peak which shifts towards higher 
temperatures in the presence of small dc fields in agreement with the prediction of Kosterlitz 
et al. 1*31]. The present detailed, high-resolution data are expected to attract the attention of 
theorists in the field. Several findings remain unexplained in the light of existing theories. 
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Chapter 6 


Hall Effect 


In this chapter we are reporting Hall effect data of Fe so . x NixCr 2 o(14 <X<30) alloys 
for four different magnetic phases within the fee 7 - phase. In the spin-glass phase(SG) 
(X = 19) t he Hall resistivity (ph) increases with the field and does not saturate till 1.6 T. The 
temperature variation of p H shows broad peaks around T g for lower fields (< 0.1 T) which 
disappear at higher fields(l T). We separate the ordinary (OHC) and the extra-ordinary Hall 
coefficient (EMC) in the ferromagnetic sample(X=30) and show their temperature variation. 
In the reentrant spin-glass(RSG) (X=26) pH shows non-linear variation with field. The 
temperature variation of pn shows anomaly near both T g and Tq. In the antiferromagnetic 
phase(AF) (X = 14) pu increases more or less linearly with field and its temperature variation 
shows broad peaks around 7V for lower fields. 


6.1 Results and Discussion 

Hall effect in magnetic alloys exhibits some unusual features. It is observed that p# 
increases rather sharply and linearly with field for lower fields, followed by a non-linear 
increase and at still higher fields it varies linearly with a relatively smaller gradient. It is 
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clear that the above behaviour is not due to the the Lorentz force alone. This is called 
extra-ordinary or anomalous Hall effect arising because of spin-orbit intera< t ion present in 
an FM[1]. This anomalous behaviour can be found in any material ha\ing large and/or 
localized magnetic moments, for example, in FM, RSG, SG, AF, and strongly paramagnetic 
materials[2]. 

Hall effect can be undrestood in terms of the behaviour of itinerant current carriers 
moving under the influence of external electric and magnetic fields. 1 hese carriers interact 
asymmetrically with the scattering center in the metal. In other words, the carriers find it 
energetically favourable to move to one side of the scattering center rat her t ban tut he ot her. 
This process gives rise to a transverse current in the sample which produces the anomalous 
Hall voltage. Various theoretical models and scattering processes are described in details in 
chapter 1. 

We have measured p H in FM(X=30), SG(X=19), RSG(X2G), and AF(X~ H) phases of 
Feso-xNixCr 2 o alloys. Hall resistivity in magnetic alloys is given by 

Ph = RqB + R s M 3 , (6.1) 

where Ro and R s are the ordinary (OHC) and extra-ordinary Hall(EHC) coefficients, respec- 
tively, M s is the saturation magnetization, and B is the magnetic induction. In our Hall 
geomery B = poH. We find that the sign of the Hall coefficients(HC) is positive for all 
the alloys in the temperature range of 1.4 K to 300 K up to 1.6 T. The sign of Hall coeffi- 
cient(HC) is generally determined by the shape of the E(K) dispersion curve at the Fermi 
surface. A positive Hall coefficient was observed in various transition metal alloys. This can 
be understood as the effect of hybridization between the free electrons and the d-band which 
gives rise to an anomalous ‘S’ shaped dispersion curve[3]. If the Fermi surface lies in the 

region where the slope of the dispersion curve (§£) is negative, then the Hall coefficient will 
become positive. 

Figure 6.1 shows the field dependence of the Hall resktivitv * v me 

nau resistivity, p H for X- 19 for various 



Figure (i.l: Field variation of the Hall resistivity, pu, in the SG (X= 19) for various temper- 
atures. T= 1.4. 8.7, 15.1, 18.9, and 78.7 K, from top to bottom, respectively. Solid lines are 

just guides to tin' eye. 
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temperatures, T = 1.4, 8.7, 15.2, 18.9, and 78.7 K, from top to bottom, respectively. We 
have measured pH for various other temperatures but for clarity showing only a few’ of them 
in Fig. 6.1. The non-linear behaviour and the magnitude of pn indicate the presence of 
extra-ordinary Hall component which arises because of spin-orbit interaction. In most of 
the cases the magnitude of the extra-ordinary component is at least one order of magnitude 
larger than that of the ordinary Lorentz component. Therefore, we are not attempting to 
separate the small Lorentz term from the pn but consider the total pn for analysis. W e have 
also studied the temperature variation of p#(Fig. 6.2) which shows broad peaks around T g 
for lower fields. For fields of 0.03 and 0.05 T the peaks are prominent. However, around 
a field of 0.1 T it starts smearing out and finally disappears at 1 T. At 1 T pn decreases 
monotonically with the increase of temperature. Similar behaviour was also reported in 
other SG’s[4, 5]. The peaks around T g in pH for lower fields are somewhat similar to t hat 
observed in the temperature variation of susceptibility [6]. 

In a SG, at the lowest temperature(T < T g ) the spins are frustrated, randomly dis- 
tributed and undergo cooperative freezing. Hence, they find it difficult to orient themselves 
along the applied field, specially if the field is small. Therefore, the spin-orbit scattering 
events additively can not produce any significant extra-ordinary Hall component. This is 
why at the lowest temperature the value of pn is small. With the increase of temperature, 
thermal energy tries to unlock some of the weakly coupled spins which, in tern, try to align 
along the applied field. This enhances the spin-orbit scattering events that, event ually add 
coherently to give a larger pn- So, up to T g , pn increases with the increase of temperature. 
However, above T g all orderings are disrupted and the spins behave in a Curie-like fashion 
and further increase of temperature increases the disorder. Because of this, the spin-orbit 
scattering events are not added coherently and pH reduces with the increase of temperature 
above T g . This we think is a plausible reason for the peaks in p H with temperature in the 
SG(X=19). 

If the applied field is strong enough(say 1 T) then it can unlock some of the frozen spins 
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and align them along the field even at the lowest temperature. In other words, strong fields 
can disrupt the cooperative SG state and force the spins to align along the field. Because 
of this alignment of the spins, pH is larger at lower temperature for higher fields. So, any 
further alignment of spins with the increase of temperature is not possible because there are 
no more weakly coupled spins which thermal energy can decouple for the field to align them. 
However, in weak fields, magnetic energy is not strong enough to align the frozen spins at 
lower temperatures. Then the thermal energy can play a crucial role to unlock the weakly 
coupled spins and helps in aligning them in the presence of the field. 1 hus, we observed 
different behaviour of p# with temperature for high and low fields. In high fields thermal 
energy tries to increase the disorder and hence p H reduces with the increase of temperature. 
This reduction of pn is even faster beyond T g . 

We have shown the variation of pn with field for X= 30, an FM with T< ■ 130 A', for 
various temperatures(Fig. 6.3). It shows the usual ferromagnetic behaviour. We have also 
calculated the value of Rq from the high field slope of the p H vs B curve whose intersection 
on the p H axis gives R S M S . Prom the intersection of the low and high field slope of the 
p H vs B curve we get the value of M s . We find that the value of A/, at, T= 0 K obtained 
in this method after extrapolation is quite close to that obtained from our earlier M vs T 
data[7]. Using our earlier M S (T) data we calculate the value of We find that the value 
of R s increases sharply with the increase of temperature (Fig. 6.4). It was reported that 
this sample shows resistivity minimum around 10 K[8]. However, we do not observe its effect 
on the temperature variation of R s . This prevents us from finding any simple correlation 
between its R s and resistivity. The variation of Rq with temperature shows some unusual 
behaviour (Fig. 6.4). It shows a marginal rise with temperature from 2 K to 6 K and then 
it decreases with the increase of temperature till 20 K. Then it again starts rising with 
temperature. 

p H m the RSG (X= 26) shows a non-linear behaviour with field. It is somewhat similar 
to that of the FM with a marked difference that it does not show any definite tendency of 
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Figure 6.3: Field variation of the Hall resistivity, p H , in the FM (X= 30) for various tem- 
peratures, r= 2.2 , 19.4, 32.2, 79, and 290 K, from top to bottom, respectively. Solid lines 

are just guides to the eye. 


saturation even at the field of 1.6 T (Fig. 6.5). The variation of pu shows an interesting 
feature! Fig, 6,6). It. shows anomaly near both the transition temperatures, first w r hen it 
goes to the FM phase from the mixed phase around 7 K and the second when it goes to the 
FM phase from the FM one around 56 K. Somewhat similar behaviour has been observed 

in the temperature variation of the susceptibility [9], 

In t he AF (X=14) p# varies almost linearly with the field for various temperatures above 
and below the transition temperature(7V = 2 6K) (Fig. 6.7). However, perfect linearity is 
only seen at higher temperatures for example, at 44 K and 78 K as shown in Fig. (6.7). 
However, at the lowest temperature(1.7 K) p H shows two distinct slopes for lower and higher 
fields. It. increases linearly with field till 0.9 T and then continues to increase with the further 
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Figure 6.4: Temperature variation of the extra-ordinary, R, and the ordinary. R ih Hall 
coefficients in the FM (X= 30). Solid lines are just guides to the eye. 
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Figure 6.5: Field variation of the Hall resistivity, p H , in the RSG (X= 26) for various 
temperatures. 1= 1.8, 20.9, 30.4, 38, 50, 78 and 290 K, from top to bottom, respectively. 
Solid lines are just guides to the eye. 

inn ease of field with a relatively higher slope. In an AF p H consists of both the ordinary 
and the extra-ordinary Hall components. However, in the absence of M s (M s is zero in AF) 
both of them vary linearly with field since for an AF Eq. (6.1) could be rewritten as 

Pll = RoPO ^applied T B-sXB applied^ (6-2) 

where \ - is the susceptibility and B = po [H app u ed + 47t(1 — N)M]. For our Hall 

geometry, the demagnetization factor, N « 1 and hence B « PoH applied- Hence, a linear 

variation of pu is expected. 

The variation of p H with temperature in the AF (X= 14) shows some interesting fea- 
tures(Fig. 6.8). It shows broad peaks around TV (26 K) for 0.3, 0.4, and 0.5 T fields. However, 
this feature becomes smeared for the field of 1 T and finally it disappears at 1.6 T. For the 
field of 1.6 T p H decreases monotonically with the increase of temperature. M(T) curves for 
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Temperature(K) 


Figure 6.6: Temperature variation of the Hall resistivity, p H , in the RSG (X - 2ft) foi various 
fields, B= 0.1, 0.05, and 0.03 T, from top to bottom, respectively. Solid lines are just guides 
to the eye. 
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I' inure C>.7: Held variation of the Hall resistivity, p#, in the AF (X= 14) for various temper- 
at tires. F= 1./ . lo.9, 30, 44 and 78 K, from top to bottom, respectively. Solid lines are just 

guides to the eye. 

X I H> look very similar to those of Fig. 6.8. Similar observation was also reported for 

various other AF’s[lU, 11]. 

Finally, we have compared the variation of p H with field at 4.2 K in various magnetic 
phases of Ft m \ N i xCr- 2 o{X = 30,26, 19, and 14) alloys(Fig. 6.9). p# in X= 30 shows a 
typical FM-like behaviour. It increases sharply at lower fields and saturates at higher fields. 
On the other extreme X= 14, an AF, shows the usual linear behaviour of p# with field and 
its magnitude is an order of magnitude smaller compared to that of the FM(X= 30). pn 
in X- 19 shows a non-linear variation with field. It increases gradually with field without 
saturation as expected in a typical SG. The magnitude of p H for X= 19 is smaller compared 
to that of the FM(X= 30) and larger than that of the AF(X= 14). The p H in X= 26 shows 
t he behaviour of both the FM and the SG phases showing their coexistance in this RSG. 
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X= 30 



0.8 

B (T) 


T= 4.2 K 



Figure 0.9: Field variation of the Hall resistivity, pH, in all the four different phases of 
Ft x Xts('r 2 0 (14 < A' < 30) alloys, viz., FM(X= 30), RSG(X= 26), SG(X=19), and 
AF(X~ 14), from top to bottom, respectively. Solid lines are just guides to the eye. 
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Ph increases sharply at lower fields as in the case of the FM but at higher fields if has some 
tendency of saturation which is however not complete even at a field of 1.6 T, unlike in an 
FM. This behaviour as well as the magnitude of pH for A r = 26 lies in between the SC! (X= 
19) and the FM (X= 30)samples. 

In conclusion, we have studied the Hall effect in four different magnetic phases of the 
F e &o-xNixCr 2 o(l4 < X < 30) alloys. In the SG(X= 19) the Hall resistivity!/?// ) shows a 
non-linear behaviour with field which arises because of the spin-orbit scattering. The tem- 
perature variation of p H shows broad peaks around T g for lower fields (< ().] T) but they 
disappear at higher fields(l T). We have given an explanation for different behaviour of P} , 
with temperature for low and high fields in the SG. We have separated the oniinaiy(( >H( ’) 
and the extra-ordinary (EHC) Hall coefficients in the ferromagnetic sample! X 30) and shown 
their temperature variations. In the RSG (X=26) p„ shows a non-Iinea, variation with Hold 
The temperature variation of p x shows anomaly near both T, and T r . In the antiferromaR- 

netio phase (X=14) p H increases almost linearly with field and its temperature variation 
shows broad peaks around T N for lower fields. 
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Chapter 7 


Conclusions 


Wc have started writing this thesis by asking whether there are any differences between 
an SCi and an RSG? Various investigations on Fe 8 o-xNixCr 2 o (14 < X < 30) alloys have 
given us enough experimental evidences to conclude that there are differences between the 
SG and the RSG phases. We have found two different analytical for ms for the time decay 
of the thermo- remanent magnetization (TRM) in the SG(X= 19) and the RSG(X= 23 and 
26). In the RSG(X= 26), at the lowest temperature, the intrinsic LFMR is positive for 
zero biasing field, as observed in a FM, but the presence of a 18.2 gauss static biasing field 
makes the LFMR negative, a feature generally associated with a SG state. This suggests 
t hat the lowest temperature phase of the RSG has mixed FM and SG type of orderings. 
We believe that small FM clusters are embedded in a matrix of frustrated spins of the SG. 
We have observed a peak in non-linear susceptibility near T g in the RSG that indicates the 
presence of a long-range order which has never been observed in a pure SG, including X=19. 
We also found that the behaviour and the magnitude of the Hall resistivity, pH, for RSG 
lie in between the SG and the FM samples. In this Chapter we present some of the other 
conclusions of the present work. 

We have measured the TRM in Feso-xNixCr 2 o (14 < X < 30) alloys for four different 
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magnetic phases within the same crystallographic phase and from their wait time* and tem- 
perature variations tried to establish a correspondence with the magnetic phase diagram. 
We find distinct differences between the SG and the RSG phases with two different analyti- 
cal forms for the time decay of the TRM. In the SG(X=19) very distinct ageing effects are 
observed where M(t) can be described as M(t ) = Ma(t/t w ) 7 exp[— (f/T) 1 n ] for the entire 
time domain. In the RSG(X= 23 and 26), M(t) can be better represented by the stretched 
exponential with an addition of a constant term which can be explained well by the Gabav- 
Toulouse(GT) model. We also report the remarkable observation of the local maximum 
of the TRM just above T c in the RSG (X=23) when it passes to the PM phase from the 
FM phase. This is found for the first time in any polycrystalline RSG. However, it’s exact 
theoretical justification is unclear. We also observe that the values of the exponents show 
anomaly near the phase transitions. We observe some different features in the samples X-23 
and X=26, though they undergo similar kinds of phase transitions. We find the conventional 
power law decay in the FM phase. The value of the magnetization is found to increase with 
the Ni concentration. In the AF phase the power law decay is indistinguishable from the 
stretched exponential as a description of the TRM. More experimental work is needed to 
arrive at a more definite conclusion about the decay of TRM in AF. 

We have measured the LFMR in different magnetic phases of Fc m . r Ni x Cr * 0 alloys. 
We observe that the LFMR is negative in the SG(X=19) and the PM phases and posit ive in 
the FM (X=30) phase. In the RSG (X=26), at the lowest temperature (4.5 K), the intrinsic 
LFMR is positive for zero biasing field, but the presence of a 18.2 gauss static biasing field 
makes the LFMR negative, a feature generally associated with the SG state. This suggests 
that the lowest temperature phase of the RSG has mixed FM and SG-type of orderings. We 
believe that small FM clusters are embedded in a matrix of frustrated spins of the SG. We 
observe hysteresis effects in the LFMR for small applied fields at the lowest temperature 
for the RSG sample. But such small fields do not produce any hysteresis effect in the 
FM phase(X=30). We find that the LFMR becomes negative around T c for a +4 gauss 
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pulsed field in the RSG. From the LFMR measurements, we conclude that when the RSG 
sami>MX=2G) goes from the PM to the FM phase with lowering of temperature, it passes 
through an intermediate phase. Here the PM(SG) phase coexists with the FM phase for a 
very narrow temperature interval. So with the reduction of temperature, the RSG sample 
passes through various magnetic phases like, PM -4 ( PM(SG ) + FM) -> FM -4 RSG(= 
FM -+ SG). We also find a close resemblance between the temperature variation of the 
LFMR and the ac susceptibility in the RSG(X=26). 

We have measured the low-field ac susceptibility in four different magnetic phases. In 
the SG (X .19). T., varies with measuring frequency obeying a Fulcher law of the form 
v = /.'o expj - External dc biasing fields shift T g towards lower temperatures and 

reduce the .susceptibility. The variation of T g can be understood in terms of a non-mean- 
field theory and the decrease of susceptibility can be explained in the framework of Neel’s 
superparamagnetic model. Both the above features could also be explained in terms of a 
mean-field theory. A very distinct peak in X 2 and the absence of xi in the SG are consistent 
with theoretical predictions. The values of the critical exponent 7 near Tc, obtained by two 
different methods, in the RSG (X=26) are closer to the mean-field prediction while the other 
two exponents rf and S are at variance. However, they satisfy the static scaling law within 
the experimental error. in the RSG shows a double transition with two distinct peaks 
at T< and T, r A dc biasing field shifts T g towards higher temperatures in the RSG(X=26) 
in contrast to the opposite shift in the SG (X=19). As T -4 0, Xo approaches a very small 
nun-zero value in tin 1 RSG while in the SG it approaches a value which is 50% of its peak 
value. Tire non-linear susceptibility, Xii shows a peak near T g in both the RSG’s (X=26 and 
23) indicat ive of a long-range order. This has never been observed in any SG including X=19. 
This distinguishes the RSG from the SG. However, we observed some different features in 
the two samples X=23 and 26 although they undergo similar kinds of phase transitions. We 
find that the transition near T g for X— 23 is sharper than that near Tc- But the reverse is 
observed for X=26, whose composition is somewhat closer to the FM (X=30). We also find 



^ 

that the value of the critical exponent 7 increases with the increase of Ni concentration, X, 
from 23 to 30 as the system moves towards the FM phase. In the AF (X=14), around Tn, 
Xo shows a peak which shifts towards higher temperatures in the presence of small dc fields 
in agreement with the prediction of Kosterlitz et al. The present detailed, high-resolution 
data are expected to attract the attention of theorists in the field. Several findings remain 
unexplained in the light of existing theories. 

The Hall effect for the four different phases of these alloys is also measured. In the 
SG(X= 19) the Hall resistivity (p#) shows a non-linear behaviour with field which arises 
because of spin-orbit scattering. The temperature variation of pn shows broad peaks around 
T g for lower fields (< 0.1 T) but they disappear at higher fields(l T). We have given an 
explanation for different behaviour of pH with temperature for low and high fields in SG. 
We have separated the ordinary(OHC) and the extra-ordinary(EHC) Hall coefficients in the 
ferromagnetic sample(X=30) and shown their temperature variations. In the RSG (X— 26 ) 
p H shows a non-linear variation with field. The temperature variation of p H shows anomaly 
near both T g and T c . In the antiferromagnetic phase (X=14) p H increases linearly with field 
and its temperature variation shows broad peaks around T N for lower fields. 



